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ABSTRACT. We aimed to study the taxonomic diversity of cyanobacteria and eukaryotic microalgae
that form phototrophic biofilms on artificial substrates in a small town. During the study, 19 strains
of phototrophic microorganisms were isolated and characterized from various building materials of
urban buildings and structures (concrete, cement-sand mortar, plaster, metal, and wood). Combined
molecular phylogenetic and morphological analyses permitted the characterization of 5 cyanobacte-
rial and 14 microalgal strains, among which the genera Klebsormidium and Chloroidium predominated.
Substrate specificity of the phototrophs was confirmed: the highest taxonomic richness was associated
with porous and moisture-retaining materials (concrete), as well as with metal surfaces. Of particular
interest were two strains, Leptolyngbya sp. VKM Al-382 and Cymatolege sp. VKM Al-383, which are
candidates for species new to science. For the first time, a member of the genus Cymatolege, previously
known exclusively as an associated symbiont of marine sponges, was detected in a terrestrial biotope on
an anthropogenic substrate, substantially expanding our knowledge of the ecological plasticity of this
group. All obtained cultures were deposited in the microbial collection, thereby providing a foundation
for further fundamental and applied research in the fields of biocorrosion and the development of bio-
protection methods for building materials.
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1. Introduction dominate on facades, whereas in tropical and subtrop-

ical zones, as well as on surfaces exposed to extreme
insolation and desiccation, cyanobacteria act as domi-
nants (Crispim et al., 2003; Barberousse, 2006; Samad
and Adhikary, 2008; Gaylarde, 2020). At the same
time, the porosity and moisture-retaining capacity of
the material (e.g., the difference between cement mor-
tars and limestone) directly affect the prevalence of fil-
amentous or coccoid forms, as well as the ratio of algae

The surfaces of urban buildings and structures,
made of various building materials (concrete, natural
stone, plaster, and even glass), represent specific eco-
systems subjected to constant exposure to abiotic and
biotic factors (Macedo et al., 2021; Nowicka-Krawczyk
et al., 2022; Huaman et al., 2025). Primary colonizers
of these inert substrates are phototrophic microorgan-

isms-cyanobacteria and eukaryotic microalgae, which,
through photosynthesis, form an organic base for sub-
sequent colonization by heterotrophic bacteria and
fungi (Crispim et al., 2003; Albertano, 2012; Keshari
et al., 2021).

Climatic conditions and the nature of the sub-
strate determine the taxonomic composition and dom-
inance of phototrophs in biofilms. In regions with a
temperate climate, eukaryotic green algae more often

to cyanobacteria (Crispim et al., 2003; Reboah et al.,
2023).

The survival of phototrophs on open facades
requires specialized adaptations to UV radiation,
temperature fluctuations, and prolonged desiccation
(Albertano, 2012; Kala and Pandey, 2021; Keshari et
al., 2021). To protect against ultraviolet radiation,
many cyanobacteria synthesize screening pigments
such as scytonemin and mycosporine-like amino
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acids (Albertano, 2012; Keshari and Adhikary, 2014;
Gaylarde, 2020). The synthesis of extracellular poly-
meric substances (EPS) plays a key role in adaptation
to drought and adhesion to the substrate. EPS form the
protective matrix of the biofilm, retain moisture, creat-
ing a local microclimate, and ensure strong attachment
of cells to the mineral matrix (Piontek and Lechéw,
2014; Galindo-Alcézar et al., 2018; Kala and Pandey,
2021; Huaman et al., 2025).

Colonization by phototrophs causes two main
types of damage: aesthetic and structural. Aesthetic
degradation manifests as a change in the color of
facades (the appearance of green, black, red, or brown
spots) due to the presence of photosynthetic pigments,
carotenoids, and scytonemin (Shirakawa et al., 2012;
Gaylarde, 2020; Keshari et al., 2021). Structural dam-
age is caused both by physical pressure arising from the
cyclic swelling and shrinking of the EPS matrix during
wetting-drying cycles, and by biochemical exposure:
the secretion of organic acids and chelating agents that
dissolve the mineral matrix of the substrate (Scheerer
et al., 2009; Piontek and Lechéw, 2014; Nowicka-
Krawczyk et al., 2022; Huaman et al., 2025).

Although historically research has focused pri-
marily on cultural heritage objects (Scheerer et al.,
2009; Albertano, 2012), the problem of colonization of
facades of modern urban buildings is of no less eco-
nomic, aesthetic, and practical significance (D’Orazio
and Quagliarini, 2023; Reboah et al., 2023).

o 4

Fig.1.

The relevance of the research determines its
aim-to study the diversity of cyanobacteria and algae
in phototrophic biofilms of artificial substrates in a
small town (Pushchino).

2. Materials and methods
2.1. Sampling

In May 2022, samples of visually distinguishable
phototrophic biofilms on various artificial substrates
were aseptically collected in Pushchino, Moscow
Region (54°50° N 37°37’ E), for the study: surfaces of
a concrete basement and steps (four samples), a brick
wall (two samples), metal (three samples), and wooden
(one sample) posts (Fig. 1).

2.2. Isolation, cultivation, and purification
of strains

Biofilm samples were plated onto solid BG11
medium with and without nitrogen and repeatedly sub-
cultured until unialgal cultures were obtained. Strains
were cultivated in a KC-200 climatostat (Smolensk
SKTB SPU, Russia) under standard conditions (tem-
perature +23°C; light intensity 60-75 umol pho-
tonsm?2s?; 12h photoperiod). All studied strains
were deposited in the ACSSI Algal Collection (Institute
of Physicochemical and Biological Problems in Soil

Sampling sites for biofilms. A — entrance steps; B — plastered basement of a residential building; C - brick wall, mortar

joint; D — bottom of the metal canopy support; E — metal canopy support; F — wooden canopy support.
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Science, Russian Academy of Sciences, Pushchino) and
subsequently transferred to the All-Russian Collection
of Microorganisms (VKM, Institute of Biochemistry and
Physiology of Microorganisms, Russian Academy of
Sciences, Pushchino).

2.3. Morphological analysis

Biofilm samples were examined on the day of sam-
pling using a Leica DM750 light microscope (Germany).
Morphological features and life cycles of the strains
isolated from biofilms were observed on a Carl Zeiss
Axio Scope Al microscope (Germany) at the Shared
Research Facility of the Institute of Physicochemical and
Biological Problems in Soil Science (Russian Academy
of Sciences, Pushchino) using differential interference
contrast microscopy. The results were documented by
photographs taken with a Carl Zeiss MRc 5 color digital
camera (Germany). Observation periods ranged from
two weeks to six months (such a prolonged period is due
to the slow growth of cyanobacterial cultures). The fol-
lowing characteristics were taken into account for the
morphological identification of cyanobacterial strains:
thallus organization, presence and color of mucilage,
presence of akinetes and heterocytes, size and shape
of vegetative cells, among others. For eukaryotic algae,
the following traits were recorded: thallus organiza-
tion type, cell shape and size, presence and thickness
of mucilaginous envelopes, number and type of chlo-
roplasts, presence of a pyrenoid and structure of the
starch envelope, modes of reproduction, among oth-
ers. For cell size estimation, at least 100 measurements
were performed. The classification of algae adopted in
this study follows the International electronic database
AlgaeBase (Guiry and Guiry, 2025).

2.4. DNA extraction, amplification, and
sequencing

Total DNA was extracted using the DNeasy Plant
Mini Kit (Qiagen, USA) column-based system according

to the manufacturer’s protocol. Amplification was per-
formed using the ready-to-use PCR mix Screen Mix-HS
(Evrogen, Russia). The primers and amplification con-
ditions for the 16S rRNA gene and the 16S-23S ITS
spacer for cyanobacteria (Taton et al., 2003; Strunecky
et al., 2010), ITS2 for green microalgae (White et al.,
1990), and rbcL for charophyte algae are listed in Table
1. Target PCR products were detected electrophoreti-
cally in a 1% agarose gel (SYBR Safe stain). For subse-
quent gel purification of amplicons, the Cleanup S-Cap
kit (Evrogen, Russia) was used. Nucleotide sequencing
was performed at Evrogen JSC (Russia).

2.5. Molecular phylogenetic analysis

Editing and assembly of consensus sequences
were performed by visual comparison of forward and
reverse chromatograms using the BioEdit program.
Molecular-genetic identification of cyanobacterial
and microalgal strains was carried out by homology
search of the nucleotide sequences of the target mark-
ers using the BLASTn algorithm against the GenBank
NCBI database (https://blast.ncbi.nlm.nih.gov) (Sayers
et al.,, 2021). Sequences were selected based on cri-
teria of maximum similarity, read quality (without
degenerate or unknown nucleotides), read length, and
affiliation with type species and authentic collection
strains. Multiple sequence alignment was performed
using MAFFT ver. 7 (Katoh et al., 2019). The model of
nucleotide substitution was selected using IQ-TREE v.
2.2 (Minh et al., 2020) based on the minimum value
of the Bayesian Information Criterion (BIC) (Hoang
et al., 2018). Evaluation of branch topology using the
SH-aLRT test was implemented within the phyloge-
netic tree construction module of uGENE (Shimodaira,
2002). Phylogenetic reconstruction using the maximum
likelihood (ML) method was performed in IQ-TREE v.
2.2. Bayesian inference (BI) phylogenetic trees were
constructed using BEAST v10.5.0 (Baele et al., 2025)
following the recommendations of Barido-Sottani et
al. (2024). An uncorrelated relaxed clock model with
a lognormal distribution of substitution rates across

Table 1. Primers and amplification conditions for target genes and spacers.

Marker Primers Conditions
16S rRNA 27F: AGAGTTTGATCMTGGCTCAG 94°C — 5 min;
+ITS 359F*: GGGGGATTTTCCGCAATGGG 94°C - 30 s;
1407F*: TGTACACACCGCCCGTC 55°C - 30s;
781R*: GACTACTGGGGTATCTAATCCCATT 72°C ;2?: Cmm7’ 40 cycles;
1467R*: AAGGAGGTGATCCAGCCACA — / min.
23S30R: CTTCGCCTCTGTGTGCCTAGGT
ITS2 ITS3F: GCATCGATGAAGAACGCAGC 95°C — 3 min.;
ITS4R: TCCTCCGCTTATTGATATGC 95°C — 30 s;
57.6°C — 30 s;
72°C - 1 min, 35 cycles;
72°C — 10 min.
rbel. KF2: ACTTACTACACTCCTGATTATGA 95°C — 2 min.;
94°C — 1 min;
KR2: GGTTGCCTTCGCGAGCTA 47°C — 1 min;
72°C - 3 min, 40 cycles;
72°C — 8 min.

Note: Asterisks (*) denote internal sequencing primers.
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branches was employed as the molecular clock model,
and a Birth-Death process was used as the tree prior.
The analysis was performed using the Markov Chain
Monte Carlo (MCMC) method. For each studied micro-
bial group, the MCMC chain was run for 100 million
generations. Parameters and trees were sampled every
10,000 generations after discarding the first 25% of
generations as burn-in. Convergence of runs and ade-
quate sampling were verified in Tracer v1.7 (Rambaut
et al., 2018), ensuring that all parameters reached an
effective sample size (ESS) > 200. Phylogenetic trees
were visualized in FigTree v. 1.3.1. As statistical support
for tree nodes, SH-aLRT (Shimodaira-Hasegawa-like
approximate likelihood ratio test), ML bootstrap per-
centages (BP), and BI posterior probabilities (PP) are
indicated. Pairwise differences between nucleotide
sequences were characterized using genetic distances,
measured as the percentage of nucleotide mismatches
in aligned sequences, calculated in MEGA 11 (Tamura
et al.,, 2021). It was taken into account that genetic
distance thresholds are not universal across different
taxa but depend on tree topology, parameters of the
evolutionary model, taxonomic composition, and the
completeness and representativeness of the particu-
lar sequence dataset (Collins and Cruickshank, 2013).
Prediction of the secondary structure of the conserved
D1-D1’ and BoxB helices of the 16S-23S ITS spacer was
performed using the RNAfold web server (http://rna.
tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi,
accessed on 20 June 2026).

3. Results and discussion

As a result of the study, 19 strains of cyanobacte-
ria and microalgae were isolated (Table 2, Fig. 2).

3.1. Cyanobacteria

The cyanobacteria were represented by five
strains belonging to three orders: Leptolyngbyales,
Nodosilineales, and Oscillatoriales.

Strain VKM Al-380 exhibits the following
morphological characteristics: filaments long, wavy,
3-4.3 um wide, within thin colorless mucilaginous
sheaths (Fig. 2A). False branching is occasionally
observed. Trichomes of olive-green color, 2-2.9 um
wide, isopolar or slightly heteropolar (in older cul-
tures), constricted at cross-walls. Cells range from very
short (from 1 pum) to isodiametric; the apical cell is
rounded. Necridic cells are rarely found.

In the 16S rRNA tree, the strain clustered within
the Leptolyngbya sensu stricto clade with high statisti-
cal support (Fig. 3). Genetic distances between VKM
Al-380 and authentic strains of different species within
the clade ranged from 0.4% to 1.1%. This level corre-
sponded to interspecific divergence within this clade,
since distances between authentic strains of L. boryana,
L. corticola, L. tenerrima, and L. angustata ranged from
0.1% to 0.9%. The secondary structure of the D1-D1’
helix of the 16S-23S ITS spacer of VKM Al-380 was
identical to that of L. corticola (Fig. 4) and differed from
those of L. boryana and L. tenerrima in the nucleotide
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composition of the terminal loop. The secondary struc-
ture of the boxB helix of strain VKM Al-380 was unique
compared to the already described species of the genus
Leptolyngbya (Fig. 5).

The morphology of strain VKM Al-380 is most
similar to the description of L. corticola (Johansen et
al., 2011) in several characters: trichome width, slight
heteropolarity in ageing cultures, and the presence of
necridic cells. However, the genetic distance value, the
topology of the 16S rRNA tree, and the uniqueness of
the boxB helix secondary structure of the 16S-23S ITS
spacer do not allow us to confidently conclude that our
strain is a member of that species. Therefore, we iden-
tify VKM Al-380 as Leptolyngbya sp.

The sister group in the 16S rRNA tree included
strain VKM Al-382 (Fig. 3). This strain is characterized
by straight or curved filaments 2.3-2.6 pm wide, with
very thin, almost indistinct, colorless mucilaginous
sheaths, without branching (Fig. 2B). Trichomes of
olive-green color, 2-2.4 ym wide, isopolar, constricted
at cross-walls. Cells are isodiametric or slightly shorter/
longer than wide. The apical cell is conical with a
rounded tip. Necridic cells were not observed.

Among the species of the genus Leptolyngbya that
do not belong to the Leptolyngbya sensu stricto clade,
i.e., L. alkalina, L. koreana, L. vaporiphila, L. terrestris,
L. salina, and L. hodgsonii, genetic distances range from
1.4% to 7%. The distances between VKM Al-382 and the
aforementioned species are 3.0-5.9%, corresponding to
interspecific divergence levels. Thus, VKM Al-382 is a
candidate for a new, undescribed species of cyanobac-
teria and is presently designated as Leptolyngbya sp.

Strain VKM Al-385 exhibits the following mor-
phological characteristics: filaments long, straight or
curved, 4-5 pum wide (Fig. 2C). False branching is occa-
sionally observed. Mucilaginous sheaths are almost
colorless in young cultures and dark grey in old ones.
Trichomes of olive-green color, 2.3-2.7 um wide, con-
stricted at cross-walls, and may coil spirally within the
sheath. Cells are barrel-shaped, isodiametric, or slightly
shorter than wide. The apical cell is rounded. Necridic
cells were not observed.

In the 16S rRNA tree, the strain clustered within
a group that united representatives of two species,
Phormidesmis priestleyi and P. nigrescens, and grouped
with P. priestleyi G-49 with high statistical support
(Fig. 3). The genetic distance between VKM Al-385
and G-49 strains was only 0.1%, while distances to the
authentic P. nigrescens RL 08-6 and to P. priestleyi ANT.
L66.1 (proposed as a reference strain for P. priestleyi
by Davydov and Vilnet, 2022) were 1.6% and 1.3%,
respectively. The secondary structures of the D1-D1’
helix and the boxB helix of the 16S-23S ITS spacer of
our strain were identical to those of P. priestleyi G-49
(Figs 4, 5). Since strain P. priestleyi G-49 was assigned to
this species based on recent detailed studies (Davydov
and Vilnet, 2022), VKM Al-385 was likewise identified
as Phormidesmis priestleyi.

Strain VKM Al-383 exhibited an unusual phe-
notype. Filaments are long, straight or curved, occa-
sionally falsely branched, 2.7-3.6 ym wide (Fig. 2D).
Sheaths are thin, colorless, containing one (rarely


http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi

Algae: Problems of Taxonomy and Ecology,
Redkina V.V. et al. / Limnology and Freshwater Biology 2026 (4): 437-469 Use in Monitoring and Biotechnology

Table 2. Strains of cyanobacteria and eukaryotic microalgae isolated from biofilms on artificial substrates in the town of

Pushchino.
No. Taxon name Collection strain, Locality, substrate
VKM Al-
Phylum Cyanobacteriophyta
Class Cyanophyceae
Order Leptolyngbyales
1 Leptolyngbya sp. 380 Basement of the building, microdistrict G, building 26, entrance 1.
The substrate: concrete
2 Leptolyngbya sp. 382 Basement of the building, microdistrict G, building 26, entrance 1.
The substrate: concrete
3 Phormidesmis priestleyi 385 Lower part of the metal canopy support, microdistrict G, building 6,
entrance 2 (Fig. 1D). The substrate: metal
Order Nodosilineales
4 Cymatolege sp. 383 Steps, microdistrict G, building 28, entrance 1 (Fig. 1A). The sub-
strate: concrete
Order Oscillatoriales
5 Microcoleus autumnalis 384 Lower part of the metal canopy support, microdistrict G, building 6,
entrance 2. The substrate: metal
Phylum Chlorophyta
Class Trebouxiophyceae
Order Prasiolales
6 Tritostichococcus corticola 401 Steps, microdistrict G, building 28, entrance 1. The substrate:
concrete
7 Deuterostichococcus alpinus 411 Wooden canopy support, BTI building (Fig. 1F). The substrate:
wood
Order Watanabeales
8 Chloroidium saccharophilum 400 Steps, microdistrict G, building 28, entrance 1. The substrate:
concrete
9 Chloroidium saccharophilum 406 Metal canopy support, BTI building (Fig. 1E). The substrate: metal
10 Chloroidium saccharophilum 407 Steps, microdistrict G, building 28, entrance 1. The substrate:
concrete
Class Chlorophyceae
Order Sphaeropleales
11 | Pseudomuriella schumacherensis 399 Steps, microdistrict G, building 28, entrance 1. The substrate:
concrete
12 | Pseudomuriella schumacherensis 404 Lower part of the metal canopy support, microdistrict G, building 6,
entrance 2. The substrate: metal
13 Coelastrella affinis 567 Brick wall, mortar joint, microdistrict AB (Fig. 1C). The substrate:
cement-sand mortar
Phylum Charophyta
Class Klebsormidiophyceae
Order Klebsormidiales
14 Klebsormidium flaccidum 402 Plastered basement, microdistrict G, building 7, entrance 1
(Fig. 1B). The substrate: plaster
15 Klebsormidium flaccidum 403 Lower part of the metal canopy support, microdistrict G, building 6,
entrance 2. The substrate: metal
16 Klebsormidium flaccidum 405 Lower part of the metal canopy support, microdistrict G, building 5,
entrance 2. The substrate: metal
17 Klebsormidium mirabile 398 Basement of the building, microdistrict G, building 26, entrance 1.
The substrate: concrete
18 Klebsormidium mirabile 409 “Resonance” Club, basement, microdistrict D, building 20A. The
substrate: concrete
19 Klebsormidium mirabile 410 “Resonance” Club, basement, microdistrict D, building 20A. The
substrate: concrete
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Fig.2. Photomicrographs of cyanobacterial and eukaryotic microalgal strains isolated from biofilms on artificial substrates
in the town of Pushchino. A — Leptolyngbya sp. VKM Al-380; B — Leptolyngbya sp. VKM Al-382; C — Phormidesmis priestleyi VKM
Al-385; D — Cymatolege sp. VKM Al-383; E — Microcoleus autumnalis VKM Al-384; F — Pseudomuriella schumacherensis VKM Al-399;
G - Coelastrella affinis VKM Al-567; H — Tritostichococcus corticola VKM Al-401; I — Deuterostichococcus alpinus VKM Al-411;
J — Chloroidium saccharophilum VKM Al-406; K — Klebsormidium flaccidum VKM Al-402; L — Klebsormidium mirabile VKM Al-409.
The scale bar in (A) applies to all panels and is 10 pm.
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Fig.3. Phylogenetic tree of cyanobacteria based on the analysis of 16S rRNA gene sequences. SH-aLRT and bootstrap (BP)
values below 90% and posterior probabilities (PP) below 0.95 are not shown. The GTR + 1+ G nucleotide substitution model was
used. Authentic strains of taxonomically recognized species are indicated by a black dot. Strains examined in the present work

97/93/*

are highlighted in bold.
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Fig.5. Secondary structure of the boxB helix of the 16S-23S ITS spacer.
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more) trichome. Trichomes are pinkish, slightly con-
stricted at cross-walls, 2.4-3.3 um wide, and in some
places spirally twisted, forming knots. Cells are shorter
(from 1 pm) than wide, rounded at the trichome ends.
Necridic cells are present.

In the 16S rRNA tree, this strain groups with
strains designated as ‘Pseudophormidium’ battersii
(Fig. 3), which were found in saline habitats (Mikhailyuk
et al., 2018; Sommer et al., 2020). Their taxonomic sta-
tus is uncertain and requires revision (Sommer et al.,
2020). In turn, these strains form, with maximum sta-
tistical support, a single clade with representatives of
the recently described genus Cymatolege. Notably, the
two described species, C. spiroidea and C. isodiamet-
rica, were found in marine habitats in association with
sponges and had a bright pink coloration (Konstantinou
et al.,, 2021). The genetic distances between VKM
Al-383 and the authentic strains of C. spiroidea and C.
isodiametrica are 4.2% and 2.7%, respectively, while
the distance between the two described species is 3.3%.
The secondary structures of the D1-D1’ helix and the
boxB helix of the 165-23S ITS spacer of our strain dif-
fer from those of the two described species (Figs 4, 5).
Thus, VKM Al-383 forms a separate phylogenetic lin-
eage within the clade corresponding to the genus and
likely represents a new species of the genus Cymatolege.

Strain VKM Al-384 is morphologically similar
to members of the genus Microcoleus and is character-
ized by the following features: filaments 6.2-9.0 um
wide, with colorless mucilaginous sheaths (Fig. 2E).
Trichomes are olive-green, 5-6.8 um wide, not con-
stricted at cross-walls, and capable of gliding motility.
Cells are shorter than wide. The terminal cell bears a
calyptra. Necridic cells are present.

In the 16S rRNA tree, the strain grouped with
Microcoleus autumnalis SAG 78.79 with high statisti-
cal support (Fig. 3). There were no genetic distances
between them. The secondary structures of the D1-D1’
helix and the boxB helix of the 16S-23S ITS spacer were
identical in both strains (Figs 4, 5). These strains, in
turn, are part of a large clade that includes the authen-
tic strain of M. vaginatus E2_C6 and representatives of
other species of the genus Microcoleus. Thus, at present,
we identify VKM Al-384 as Microcoleus autumnalis.

Eukaryotic microalgae were represented by
14 strains from two divisions, Chlorophyta (classes
Trebouxiophyceae and Chlorophyceae) and Charophyta
(class Klebsormidiophyceae).

3.2. Green algae

Strain VKM Al-411 exhibited a typical morpho-
type of the genus Stichococcus (Proschold and Darienko,
2020) (Fig. 2I). Cells were solitary or in pseudofila-
ments of 2-3 cells, measuring 5.3-9 X 2.4-3.2 um.
The length-to-width ratio ranged from 2.2 to 3. The
chloroplast was single, parietal, without a pyrenoid.
Reproduction occurred by cell division.

VKM Al-411 grouped within the genus
Deuterostichococcus (Fig. 6) and clustered with the
authentic strain D. alpinus FACHB-2327 (SH-aLRT-95%;
BP-97%; PP-0.99), with a genetic distance of 1.7%

446

(intraspecific level). For comparison, the level of
genetic divergence between D. epilithicus and D. alpinus
was 17.8-18.1%.

Our strain differed somewhat from the recently
described D. alpinus (Cao et al., 2025) in smaller cell
dimensions and the absence of a pyrenoid as observed
under light microscopy. However, cell dimensions may
vary depending on culture age and cultivation condi-
tions, and transmission electron microscopy is required
to confirm the presence or absence of a pyrenoid.
Therefore, we identify strain VKM Al-411 as D. alpinus.

A similar morphology was exhibited by strain
VKM Al-401 (Fig. 2H). Cells were solitary, measur-
ing 4-8 (17) X 2.4-3.5 um. The length-to-width ratio
ranged from 2 to 2.6. The chloroplast was single, pari-
etal, without a pyrenoid. Reproduction occurred by cell
division.

According to the phylogenetic analysis, strain
VKM Al-401 belonged to the species Tritostichococcus
corticola (Fig. 6), as it clustered with the authentic
strain ST-2, and the level of genetic divergence was
3.1%, corresponding to an intraspecific level (interspe-
cific distances ranged from 25.3% to 36.9%). However,
as in the previous case, it differed from the described
species (Proschold and Darienko, 2020) by somewhat
smaller cell dimensions and the absence of a pyrenoid
as observed under light microscopy.

Strains VKM Al-400, 406, and 407 were morpho-
logically similar to the green microalgae of the genus
Chloroidium (Darienko et al., 2018) (Fig. 2J). Cells were
solitary, broadly ellipsoid to nearly spherical, measur-
ing 7.8-8.5 X 5.0-6.5 pum. The chloroplast was single,
parietal, sometimes faintly lobed. The pyrenoid was
naked and faintly visible. Reproduction occurred by
2-4-8 autospores.

According to the results of the ITS2 inter-
nal transcribed spacer analysis, strains VKM Al-400,
VKM Al-406, and VKM Al-407 belonged to the genus
Chloroidium and clustered with the authentic strain C.
saccharophilum SAG 2149 with high statistical support
(SH-aLRT-96%; BP-95%; PP-1.00) (Fig. 7). The level
of genetic divergence between these VKM strains was
0-0.5%, and between them and SAG 2149 it was 0.5%
to 0.9%, corresponding to an intraspecific level. For
comparison, the genetic distances between strains of C.
ellipsoideum and C. pseudoellipsoideum were 1.9%, and
between C. pseudoellipsoideum and C. lichinum — 3.4%.
Thus, we identify these strains as C. saccharophilum.

Based on morphological characteristics, strains
VKM Al-399 and VKM Al-404 were initially identi-
fied as Bracteacoccus sp. (Fig. 2F): solitary cells, nearly
spherical to spherical, with numerous chloroplasts in
mature cells and a parietal chloroplast comprising two
lobes in young cells, lacking a pyrenoid. Cell diameter
reached 11 pm for strain VKM Al-404 and 13 um for
VKM Al-399. Reproduction occurred by 2-4-8 auto-
spores. Zoosporogenesis was not observed in culture.

According to the ITS2 analysis, strains VKM
Al-399 and VKM Al-404 were members of the genus
Pseudomuriella and clustered with the authentic strain
P. schumacherensis UTEX 2252 with maximum sta-
tistical support (Fig. 8). Genetic distances between
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Deuterostichococcus epilithicus SAG 2060- (MT078165)
Deuterostichococcus epilithicus SAG 2119 (MT078166)
891" Deuterostichococcus epilithicus VKM Al-440 (OR852644)
Deuterostichococcus epilithicus SAG 10.97 (MT078169)
Deuterostichococcus alpinus VKM Al-411 (PZ829581)

Deuterostichococcus alpinus FACHB-2327+ (MW023947)
95/99/+) Diplosphaera chodatii (T) SAG 48.86 (MT078178)
Diplosphaera chodatii 863-4-P (MZ919288)

Diplosphaera chodatii SAG 11.88 (MT078177)
Diplosphaera chodatii CCAP 416/1 (OP901443)
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Diplosphaera elongata ASUV 135+ (OK636219)
Diplosphaera elongata PPS2.B (OK636234)
Diplosphaera elongata PPS2.D (OK636235)
Diplosphaera sundellii WPWO02-8+ (0Q298831)
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Diplosphaera sundellii WPWO2-11 (0Q298828
X Tetratostichococcus jenerensis (T) SAG 2138+ (MT078183)
Tetratostichococcus sp. VKM Al-446 (OR852650)
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Pseudostichococcus monallantoides (T) SAG 380-1¢ (KM020066)
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Pseudostichococcus monallantoides UTEX 2249 (MT078186)
480951 Deuterostichococcus marinus (T) SAG 2139+ (KX09484

2)
=% Deuterostichococcus tetrallantoideus M-0019674 (MH670395)
Deuterostichococcus tetrallantoideus ASIB 37 (MH670394)
#s+%) Deuterostichococcus lewinii SAG 108.80 (MT078163)
Deuterostichococcus lewinii SAG 107.80¢ (MT078162)

92/87/x| Desmococcus olivaceus SAG 25.92 (MT078157)
|V Desmococcus olivaceus (T) SAG 1.92¢ (MT078158)
halld Stichococcus bacillaris (T) SAG 379-2¢ (HE610125)
87/88/0.97
~

95/89/*1 Stichococcus bacillaris SAG 249.80 (MT078156)
Tritostichococcus solitus (T) SAG 2406+ (MT078171)

) Tritostichococcus corticola ST-2¢ (MT078176)
Tritostichococcus corticolaVKM Al-401 (PZ704326)
Tritostichococcus coniocybes ST-9¢« (MT078172)
Tritostichococcus coniocybes ST-7 (MT078173)
Tritostichococcus coniocybes ST-6 (MT078174)
Tritostichococcus coniocybes ST-8 (MT078175)
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Fig.6. Rooted phylogenetic tree of green algae of the Stichococcus clade based on internal transcribed spacer ITS2 sequences

(376 bp). Statistical support for tree nodes is indicated as SH-aLRT/BP/PP values. SH-aLRT and BP values below 80% and PP

below 0.8 are not shown. Nucleotide substitution model: TPM2u + F+1+ G4. Legend: ¢ — authentic strains; (T) - type species;
* — maximum statistical support. VKM strains examined in this study are highlighted in bold.
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Fig.7. Rooted phylogenetic tree of green algae of the genus Chloroidium based on internal transcribed spacer ITS2 sequences

(296 bp). Statistical support for tree nodes is indicated as SH-aLRT/BP/PP values. SH-aLRT and BP values below 80% and PP

below 0.8 are not shown. Nucleotide substitution model: TIM2+F +1+ G4. Legend: * — authentic strains; (T) — type species;
* — maximum statistical support. VKM strains examined in this study are highlighted in bold.
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Fig.8. Rooted phylogenetic tree of green algae of the genera Coelastrella and Pseudomuriella, based on ITS2 fragment sequences

(367 bp). SH-aLRT and BP values below 80% and PP below

0.8 are not shown. Nucleotide substitution model: TIM2 +1+ G4.

Legend: « — authentic strains; (T) — type species; * — maximum statistical support. VKM strains examined in this study are high-

lighted in bold.

strains VKM Al-399 and VKM Al-404 were 0.4%, and
those between them and the P. schumacherensis strain
UTEX 2252 - 0-0.4% (intraspecific level). For compar-
ison, the minimum interspecific distances, as exempli-
fied by members of P. aurantica and P. engadinensis,
were 1.6%. The morphology of our strains is similar to
the description of P. schumacherensis (Fucikova et al.,
2011). Thus, we identify strains VKM Al-399 and VKM
Al-404 as P. schumacherensis.

Strain VKM Al-567 was morphologically similar
to representatives of the genus Coelastrella (Fig. 2G) and
was characterized by the following features: cells soli-
tary, nearly spherical or broadly oval, sometimes with
polar thickenings, 8.4-11.5(17) X 7.3-10 pm; chloro-

plast parietal, divided into segments; a single pyrenoid
surrounded by a starch sheath. Reserve products
included oil droplets. Asexual reproduction occurred by
2-8 autospores. Zoospores were not observed.

VKM Al-567 grouped within the genus Coelastrella
(Fig. 8) and was assigned to the species C. affinis, as
it clustered with the authentic strain of this species,
VKM Al-356 (SHaLRT-98%; BP-100%; PP-1.00), with
a genetic distance of only 0.8%. Within the genus
Coelastrella, the minimum interspecific threshold
between C. multistriata and C. corcontica based on this
marker was 2%. The morphology of VKM Al-567 gener-
ally corresponds to the description of C. affinis (Krivina
et al., 2024), and it is therefore assigned to this species.
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3.3. Charophyte algae

Charophycean microalgae were represented by
the most frequently encountered genus, Klebsormidium.
In cultures, long, straight or slightly curved filaments
were observed, measuring 7.2-15 um in width in strains
VKM Al-398, 409, and 410, and 6-9 um in strains
VKM Al-402, 403, and 405. Cells contained a single
parietal chloroplast with a pyrenoid surrounded by a
starch sheath. Strain VKM Al-410, upon culture ageing,
was characterized by considerable thickening of the
cell walls and the presence of H-shaped fragments.

For the identification of Klebsormidium members
(order Klebsormidiales, class Klebsormidiophyceae,
division Charophyta), the plastid gene rbcL. was used.
This choice is due to the fact that in members of this
genus, not only the 18S rRNA gene but also the internal
transcribed spacers ITS1 and ITS2 are highly conserved,
so their use does not allow clear species delineation, par-
ticularly within clade E (Rindi et al., 2011; Mikhailyuk
et al., 2015; Samolov et al., 2019). According to the rbcL
analysis, strains VKM Al-398, VKM Al-409, and VKM
Al-410, together with strain K10, clustered with the
authentic strain K. mirabile VKM Al-436 (SHaLRT-99%;
BP-100%; PP-1.00) within clade E according to the
classification proposed by Rindi et al. (2011) (Fig. 9).

i
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o

*[x[%

95/96/0.97

-/84/0.97

[ [%
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Klebsormidium dissectum SAG 2417 (JN190353)
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Genetic differences between strains VKM Al-398, VKM
Al-409, and VKM Al-410 were absent, and between this
group of strains and the authentic strain K. mirabile
VKM Al-436 they amounted to 0.9-1%. To interpret
genetic distance thresholds, we referred to the mini-
mum interspecific threshold of 2% for the rbcl. gene
in clades F and G, where a detailed taxonomic revi-
sion had been previously performed (Mikhailyuk et
al., 2015; Samolov et al., 2019). For instance, genetic
distances between K. mucosum and K. crenulatum were
2%, and between K. karooense and K. africanum-2.2%.
It should be noted that within clade E proper, whose
true species richness still requires clarification, the
minimum interspecific distances between the authentic
strains K. nitens SAG 13.91 and K. dissectum SAG 2417
are only 0.7%. Based on rbcL. analysis, Kaplan et al.
(2012) even suggested that they might actually rep-
resent a single species. However, Mikhailyuk et al.
(2015), using a polyphasic approach, though assigned
them to different species. Nevertheless, nevertheless
into account the morphology, which corresponds to the
species description (Tukhtaboeva et al., 2025), the tree
topology, and the distance thresholds in clades where
the taxonomic status of species is unequivocal, at this
stage of the study we assign strains VKM Al-398, VKM
Al-409, and VKM Al-410 to the species K. mirabile.

§PX57 7651;
PX577652

Clade E

Clade D

H986639)

Clade G

Clade F
6)

Clade B/C

I Clade A

0.03

Fig.9. Rooted phylogenetic tree of charophyte algae of the genus Klebsormidium based on rbcL gene sequences (1217 bp).
Statistical support for tree nodes is indicated as SH-aLRT/BP/PP values. SH aLRT and BP values below 80% and PP below 0.8
are not shown. Nucleotide substitution model: TPM2 +F + G4. Legend: ¢ — authentic strains; (T) — type species; * — maximum
statistical support. VKM strains examined in this study are highlighted in bold.
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Strains VKM Al-402, VKM Al-403, and VKM
Al-405 undoubtedly belonged to the species K. flac-
cidum. Their morphology corresponds to the species
description (Lokhorst, 1996) (Fig. 2K). They clustered
within clade B/C (Fig. 9) and grouped with the authen-
tic strain SAG 2307 of this species with high statisti-
cal support (SHaLRT-83%; BP-97%; PP-1.00). Genetic
distances between these strains and the authentic strain
SAG 2307 ranged from O to 0.2%.

The data on the species composition of phototro-
phic biofilms are of considerable practical importance
for the development of targeted biocontrol strategies
for building materials. As recent studies have shown,
biodegradation is not limited to mechanical deteriora-
tion but represents a two-stage process: rapid acid-in-
duced degradation of the mineral matrix, followed
by chronic damage mediated by biofilm persistence
(Nowicka-Krawczyk et al., 2026). Knowledge of the
exact species composition enables prediction of the
corrosion mechanism and selection of appropriate pro-
tection methods.

From the perspective of biocorrosion, the strains
isolated in our study exhibit different aggressive
potentials. The most aggressive taxon is Chloroidium
saccharophilum (found in our study on concrete and
metal). According to metabolomic and microscopic
data, this species possesses thick cell walls and a pro-
nounced capacity for intensive synthesis of low-mo-
lecular-weight organic acids (oxalic, citric, and acetic
acids). These acids trigger mechanisms for metal ion
chelation and the acid dissolution of the mineral matrix
(Nowicka-Krawczyk et al., 2026). Moreover, upon the
natural detachment of mature C. saccharophilum bio-
films, the alga can physically detach mineral grains
from the substrate surface, causing irreversible physical
damage (Nowicka-Krawczyk et al., 2025).

At the same time, the charophycean algae of the
genus Klebsormidium (found on concrete, plaster, and
metal), which dominated our samples, exhibit a dif-
ferent strategy. Their chemical aggressiveness is con-
sidered moderate (Nowicka-Krawczyk et al., 2026);
however, they possess high metabolic plasticity and
stress tolerance (Holzinger and Pichrtova, 2016).
Klebsormidium plays a key role in biofilm stabilization: it
actively synthesizes extracellular polymeric substances
that retain moisture on the material surface, creating
a local microclimate. This leads to physical weather-
ing (freeze-thaw cycles and swelling) and maintains
the constant humidity required for corrosion processes
(Nowicka-Krawczyk et al., 2022; Nowicka-Krawczyk et
al., 2025).

Among cyanobacteria, high corrosive activity is
exhibited by filamentous forms with mucilage sheaths,
such as Microcoleus autumnalis, Phormidesmis priestleyi,
and species of the genus Leptolyngbya, found on con-
crete and metal structures. The presence of mucilagi-
nous sheaths and the ability to synthesize UV-screening
pigments (e.g., scytonemin) enable them to survive
in the extreme conditions of the urban environment,
while continuing to penetrate the substrate and release
metabolites that degrade the material (Kala and Pandey,
2021; Keshari et al.,, 2021). The abundant mucilagi-
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nous matrix not only physically retains moisture but
also prepares the substrate for subsequent succession
by heterotrophic microorganisms (fungi and bacteria),
which possess an even higher destructive potential
(Nowicka-Krawczyk et al., 2022). Of particular interest
is the first-time occurrence of Cymatolege sp. on anthro-
pogenic substrates, as revealed by our study. The high
ecological plasticity of this genus, previously known
mainly from natural habitats, suggests its potential for
active colonization and likely involvement in biodeteri-
oration processes, warranting further investigation into
its destructive potential.

4. Conclusions

In terrestrial biofilms on artificial substrates in
the town of Pushchino, we identified 19 strains of pho-
totrophic microorganisms, including 5 cyanobacterial
strains (orders Leptolyngbyales, Nodosilineales, and
Oscillatoriales) and 14 strains of eukaryotic microalgae
(divisions Chlorophyta and Charophyta). The domi-
nant taxa were members of the genera Klebsormidium
(Charophyta) and Chloroidium (Chlorophyta).

Substrate specificity of the phototrophs was con-
firmed: the highest taxonomic diversity (almost 60%
of the total number of taxa examined) was associated
with concrete, a porous and moisture-retaining mate-
rial. Slightly more than 40% of the taxa were found on
metal surfaces. Both substrate types were colonized by
cyanobacteria, the green microalgae Chloroidium sacch-
arophilum and Pseudomuriella schumacherensis, as well
as by charophycean algae of the genus Klebsormidium.
From the remaining substrates (wood, plaster, and
cement-sand mortar), one microalgal species each was
isolated.

Based on a combination of morphological char-
acters, phylogenetic tree topology, and genetic dis-
tances, two strains-Leptolyngbya sp. VKM Al-382 and
Cymatolege sp. VKM Al-383 were identified as can-
didates for new species, requiring further detailed
investigation.

For the first time, a member of the genus
Cymatolege, previously known only as an associated
symbiont of marine sponges, was discovered in a sub-
aerial terrestrial biotope on an anthropogenic concrete
substrate. This significantly expands the known ecolog-
ical range and our understanding of the plasticity of
this cyanobacterial group.

Deposition of all studied strains in the All-Russian
Collection of Microorganisms ensures the availability of
biological material for future fundamental and applied
research in the fields of biocorrosion and bioprotection
of building materials.
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OpuruHanbHan craTbf

HazemHbie ¢oToTpodHbIE OMONAEHKHU [ IMNOLOGY
MCKYCCTBEHHbIX cybcTpaToB: FRESHWATER
pa3HooOpa3ue unaHobakrepum u BIOLOGY
MHKPOBOAOPOCAEHN B YCAOBUAX MaNAOro - —
ropoaa (r. lMNyuuHo)

Penpkuna B.B.*, KpusuHna E.C., Tempasneesa A./l.

Hrcmumym 6uoxumuu u ¢usuosoeuu mukpoopeaHusmod um. I.K. Ckpabura PAH, ®HUIL] ITHIJFHU PAH, Ilpocnekm Hayku, 5, e.
Iywuno, 142290, Poccua

AHHOTAILIHSL. Ilens paboThl 3aK/I04asach B U3yYEHUN TaKCOHOMMYECKOr0 pa3HO00pa3us IMaHobaK-
TEPUN U 3YKapUOTHUYECKUX MHKPOBOAOpOCIIeH, popMupymonmx GororpodHble OUOIJIEHKN Ha HCKYC-
CTBEHHBIX cyOcTpaTax B YCJIOBUAX MaJIoro ropofa. B xoze ucciiefoBaHUs C Pa3INYHBIX CTPOUTEIBHBIX
MarepuaoB (6eToH, I[eMeHTHO-IlecyaHas CMeCh, IITyKaTypKa, MeTaJlJI, ApeBeCruHa) TOPOACKUX 3MaHNI
U COOpPY>XEHUH OBIJIO M30JIMPOBAHO M OXapaKTepru30BaHO 19 mrTamMMoB GOTOTPOPHBIX MUKPOOPTraHU3-
MOB. MosieKyJIsipHO-uiIoreHeTHYeCcKuil 1 MOpdOJIOrnyecKuil aHaIM3bl TO3BOJINJIN 0XapaKTEPU30BaTh
5 mTamMmoB 1juaHoGakTepuii 1 14 MTaMMOB MUKPOBOAOPOCJIEN, CpeiIi KOTOPBIX JOMUHMpYIOIIee M0JIO-
xkeHue 3aHUMAT pofasl Klebsormidium wn Chloroidium. TlogTBepxneHa cyOcTpaTHas crenupUIHOCTh
doToTpodoB: HambOJBIIee TAaKCOHOMHYEeCKOe GOraTcTBO IPUYpPOYEHO K IMOPUCTHIM U BJIArOEMKUM
MarepuanaMm (6eToH), a Takke MeTaJUIM4ecKUM MoBepxHocTsAM. OcoOBIi MHTepecC MpeACcTaBJIAIT ABa
mrammMa — Leptolyngbya sp. VKM Al-382 u Cymatolege sp. VKM Al-383, sBiismonecs KaHAUAATaMU B
HOBBIE 7151 HAyKU BUBL. BriepBhie mpencraBuTesns poaa Cymatolege, paHee N3BECTHOI'O HCKJTIOUUTEIHHO
KaK acCOIUMPOBAHHBIN CUMOUOHT MOPCKUX I'yOOK, BBISIBJIEH B HA3eMHOM OHOTOIIE HA aHTPOIIOTeHHOM
cybcTpaTe, UTO CYIIECTBEHHO paclIUpsieT 3HaHWA 00 3KOJIOTUYECKOMN IJIaCTUYHOCTY JAaHHOM T'DYIIIHL.
Bce mosiyueHHbIE KyJbTYpPHl AENOHUPOBAHBI B KOJUIEKINIO MUKPOOPIaHM3MOB, YTO cO3JaeT 6a3y aJis
JaJIbHENIMX pyHOaMeHTaJIbHBIX U MPUKJIQJHBIX MCCJIeJOBaHUN B 06J1aCcTU OMOKOPPO3UU U pa3paboTKu
MeTOZ0B OMO3aLIUTH CTPOUTEJIBHEIX MaTEPUAJIOB.

Kimoueavie ciioga: duiorenus, 16S pPHK, 16S-23S ITS, ITS2, rbcL, Bcepoccuiickast KOJUIEKINA MUKPOOPTraHU3MOB

Juia nqutupoBanus: PenpkuHa B.B., Kpusuna E.C., TempaneeBa A.Jl. HazemHble poTOTpOdHBIE OUOIJIEHKU HNCKYCCTBEHHBIX
cyOCTpaToB: pasHooOpasue IuaHoGaKTEPUIl 1 MUKPOBOAOPOCJIEH B YCIOBUAX Masioro ropoaa (r. Ilymmuo) // Limnology and
Freshwater Biology. 2026. - Ne 4. - C. 437-469. DOI: 10.31951/2658-3518-2026-A-4-437

1. Beepenue (Crispim et al., 2003; Albertano, 2012; Keshari et al.,
2021).

TakCOHOMUYECKUE COCTaB U JIOMHWHHPOBaHUE
doToTpodoB B OHOIIIEHKAX AETePMUHUPOBAHBI KJIU-
MaTHYeCKMMH YCJIOBUAMU U TpUpPoAoN cyOcTpara.
YcTaHOBJIEHO, YTO B PETMOHAX C YMEpPEHHBIM KJIMMa-
TOM Ha (phacajiax yaile JOMUHHUPYIOT 3yKapruoTHUYeCKre
3eJIeHble BOJIOPOCJIY, TOTAA KaK B TPOIUYECKUX U CyO-

TPONMYECKUX 30HaX, a TAKXKe Ha HOBEPXHOCTSX, O/BEP-
Huaman et al., 2025). [TepBUYHBIMU KOJIOHU3aTOPaMU KEHHBIX SKCTPEMasIbHOM MHCOJALMM U BBICHIXAHUIO,
5TUX UHEPTHBIX CyOCTPATOB BHICTYMAKT GOTOTPODHBIE JOMUHAHTAME BHICTYIAIOT IHAHOGAKTepui (Crispim
MHKDOOPTraHU3MBI — I[UAHOOAKTEPUH U 3yKapHOTHYe- et al., 2003; Barberousse, 2006; Samad and Adhikary,
CKMe MUKPOBOJIOPOCJIY, KOTOpPhIE 3a cueT (GOTOCHHTE3a 2008; Gaylarde, 2020). [Ipyt 5TOM HOPUCTOCTb U BIIArO-
¢opmupyloT opraHuyeckyio 6asy I TMOC/IeayIomero yAepXUBaKmas CIoCOOHOCTh MaTepHuasa (HampuMmep,
3aceJleHHs TeTepoTPOPHBIMYA GaKTepUAMU U IrpubamMu DA3HHIA MEXMy EeMEHTHHMH PACTBOPAMHU U M3BECT-

[ToBepXHOCTH TOPOACKUX 3[JaHUN U COOpYyXe-
HUH, BBIIOJITHEHHBIE W3 Pa3JIMYHBIX CTPOUTEJIbHBIX
MaTepuaioB (6eToHa, HaTypaJIbHOrO KaMH:A, IITyKa-
TYypKU U Aaxe CTeksa), NpefCcTaBJIAI0T coOO crernu-
(uveckre 3KOCHCTEMEI, MTOABEPKEHHBIE TTOCTOSHHOMY
BO3AENCTBUI0 a0HOTUYECKUX U OMOTHYEeCKUX (GaKTOpOB
(Macedo et al., 2021; Nowicka-Krawczyk et al., 2022;
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HAKOM) HamnpsAMYIO BJIMAIOT Ha IMpeobiafaHue HUTYA-
TBIX WJIU KOKKOMAHBIX GOPM, a TaKkKe Ha COOTHOLIEHNE
BojiopocJiel u nuaHob6akrepuii (Crispim et al., 2003;
Reboah et al., 2023).

BrerxuBanue GOTOTpOPOB Ha OTKPHITHIX (Paca-
Jax TpeOyeT CIeNUaJU3MPOBAHHBIX afanTanuil K
V®-paguanuy, nepernajaMm TeMmIreparyp U JJIUTesIb-
HoMy oO0Oe3BoxuBaHuio (Albertano, 2012; Kala and
Pandey, 2021; Keshari et al., 2021). [[yia 3amuTsl OT
yipTpaduosieTa MHOrMe IHaHOGAKTepUY CHHTE3UPYIOT
SKpaHUpPYOIIYe MUTMeHTHl, TaKhe KaK CIUTOHEeMUH U
MUKOCIIOPUH-TIOJJOOHBle  aMUHOKUCJIOTH  (Albertano,
2012; Keshari and Adhikary, 2014; Gaylarde, 2020).
KimoueBylo posib B afantanuul K 3acyxe W aAre3uu K
cyOcTparty urpaet CUHTe3 BHEKJIETOYHBIX OJIIMEPHBIX
BemecTB (EPS). EPS GopMupyloT 3al[UTHBII MaTpUKC
OHOIIeHKY, YIepKUBAIOT BJIary, co3faBas JOKaJIbHBIN
MUKPOKJIMMAT, 1 00ecnedyrnBaiT [IPOYHOe MpUKpeILIe-
HHUe KJIETOK K MuHepaysbHoW martpune (Piontek and
Lechow, 2014; Galindo-Alcazar et al., 2018; Kala and
Pandey, 2021; Huaman et al., 2025).

Kononusanusa ¢otorpodpamMu NpUBOAUT K ABYM
OCHOBHBIM THUIIAM IOBPEXAEHUI: 3CTEeTUYeCKUM U
CTPYKTYPHBIM. OcTeTHdYecKas Jerpafalnus MpOsBIIi-
eTcsA B BUIE M3MeHeHUs nBera dacanoB (mosBieHue
3eJIeHBIX, YepPHBIX, KPAaCHBIX WM KOPUYHEBBIX NATEH)
n3-3a Hanmuuus GOTOCUHTETUYECKUX MUTMEHTOB, Kapo-
TUHOUJOB U ciuToHemuHa (Shirakawa et al., 2012;
Gaylarde, 2020; Keshari et al., 2021). CtpykTypHOe
MoBpeXx/ieHre O0YCJIOBJIEHO Kak (U3NYecKUM [aBiie-
HUeM, BO3HUKAIOUIMM IIPU LUKJINYecKoM HabyXaHUU U
cokpalfeHnu martpukca EPS Bo BpeMsA LIMKJIOB yBJIaX-

- o

HeHUsA — BBICBIXaHMA, TaKk U OMOXMMHYECKHUM BO3[Ael-
CTBUEM: CeKpelLllell OpraHWYeCKuX KHUCJIOT U XeJaTu-
PYIOIIUX areHTOB, KOTOpble PaCTBOPAIOT MUHEPAJIbHYIO
MaTtpuly cybcrpata (Scheerer et al., 2009; Piontek
and Lechéw, 2014; Nowicka-Krawczyk et al., 2022;
Huaman et al., 2025).

HecmoTpsA Ha TO, 4TO HCTOpUYECKH HCCJIEAO-
BaHNA (OKYCHpPOBAJIMCh IpPEeUMYyIIeCTBEHHO Ha O0b-
eKTax KyJIbTypHoro Hacyienus (Scheerer et al., 2009;
Albertano, 2012), mpo6yiema KojoHU3aNuu ¢acaaos
COBpPeMEHHBIX TOPOJCKMX 3JaHui NpuobpeTraeT He
MEHBIIYI0 3KOHOMUYECKYI0, 3CTETUYEeCKyl0 W IpaKTH-
yeckyto 3HaunMocTh (D’Orazio and Quagliarini, 2023;
Reboah et al., 2023).

AKTyaJIbHOCTh HcCCJIe[loBaHUA 00ycjaBjuBaeT
1[eJib JaHHONU paboThHl — M3y4UTh pa3HooOpasue Iua-
HoOakTepuil U Bogopocsieil B GOTOTpoPHBIX OUOILIeH-
Kax HCKYCCTBEHHBIX CyOCTpaToOB B YCJIOBHUAX MAaJioro
ropopaa (r. IlymmuHo).

2. MaTtepuanbl M MEeTOAbI HCCAEAOBAHUA
2.1. NMpo6ooT6op

Jisa uccrnegoBanua B Mae 2022 r. ObUIM CTe-
puiapHO oOTOoOpaHBl 00pa3lbsl BHU3yaJIbHO 3aMeTHBIX
poToTpodHBIX OHUOIIEHOK, (GOPMUPYIOIIUXCA Ha pas-
JIMYHBIX KCKYCCTBEHHBIX cyOcTpaTax, B TI. IlymuHO
MockoBckoii o6sactu (54°50° N 37°37’ E): noBepxHoO-
cTy 6E€TOHHOTO I[OKO0JIA U cTyneHekl (4 npo6wl), KUpnuy-
HOU cTeHHl (2), MeTamndeckux (3) u nepeBAHHBIX (1)
ctoJyi6oB (Puc. 1).

Puc.1. Mecra or6opa 06pasijoB GMOIJIEHOK. A — CTyNneHbKHU MoAbe3/a; B — omTyKaTypeHHbIH [OKOJIb XUJIOro oMa; B —
KUpIINYHAsA CTeHa, moB; I' — HU3 MeTaJuInuecKoll onophl KO3bIpbKa; [l — MeTalinyeckas onopa Ko3slpbka; E — nepeBsiHHasa onopa

KO3bIPpbKa.
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2.2. BbipeneHue, KYAbLTUBUPOBaHHE U
OYMCTKA WTaMmMOB

OO0pa31ibpl OHOIIIEHOK OBLIN IIOCEsHEl Ha TBepAYI0
nuraresbHyl cpeny BGll ¢ azorom u 6e3 u MHOro-
KpaTHO IlepecesHbl [0 MOJIy4eHHsA aJlbloJIOrH4ecKu
YNCTBIX KyJabTyp. KyJbTHMBHpOBaHHE HITaMMOB OCY-
mecTBsIoch B KanMmaroctate KC-200 (CmoJieHckoe
CKTbB CI1V, Poccus) npu cTaHgapTHBIX YCJIOBUAX (TeM-
nepatypa +23°C, cBet 60-75 pumois ¢GOoTOHOB M2 ¢,
dotonepuon 12 4). Bce usyueHHBIE IITAMMBI ObLTU
JENOHUPOBAaHbI B AJIBIOJIOTUYECKYI0 KosuieKknno ACSSI
(M®OXubIIIT PAH, r. IlymuHo), a 3aTeM mnepefaHbl BO
Bcepoccuiickyio KoJieKIno MukpooprannaMmos (BKM,
HUBOM PAH, r. [TymuHo).

2.3. Mopdonornueckum aHanus

OO6pasnp! OMOIIJIEHOK U3y4yaiu B AeHb IPOOO0OT-
6opa c MoMOIIbI0 CBETOBOr0 MUKpockona Leica DM750
(T'epmanus). HaGmomeHve Mop@OJIOTUYecKUX IpU-
3HAaKOB U JKM3HEHHBIX IIMKJIOB INTaMMOB, BBIJeJIeH-
HBIX 13 GMOIUIEHOK, IPOBOAMJIM HAa MUKpockome Carl
Zeiss Axio Scope Al (I'epmanus) B LIKIT UOXuBIIII ¢
[IOMOIIbI0 UHTep(depeHIIMOHHO-KOHTPACTHON MUKpPO-
ckonuu. Pe3ynbTaTel ObUIN 3aJOKYMEHTUPOBAHKI (GOTO-
rpadusMM, CHATHIMU C TOMOIIBI0 HBETHOU HUMPOBOL
kameps! Carl Zeiss MRc 5 (I'epmanus). Cpoku HabJIIO-
JEHUA COCTaBJIAIM OT 2 HedesJab A0 6 MecsleB (CTOJIb
JUINTEJIbHBIN CPOK CBA3aH C MeJJIeHHBIM POCTOM Iiua-
HOOAKTepuaJbHHIX KyJbTyp). IIpu Mopdosioruiyeckoi
uaeHTU(PUKALUN [ITAMMOB I[MaHOOAKTEPUI YYUTHI-
Bajy cJefyoliye IPU3HAKU: OpraHU3alMI0 TajjIoMa,
IIpHCYTCTBUeE CJIU3U U ee LIBeT, HaJllune aKkuHeT U reTe-
pouuT, pasMep u (opMy BereTaTHBHBIX KJIETOK U [Ip.
B ciyyae sykapHOTHYeCKHX BOAOpOCJeN oTMedasiu:
TUN OpraHU3aluM TajioMma, GopMy U pa3Mepnl Kie-
TOK, HaJINuWe U TOJIIUHY CJIM3UCTHIX 000JI04eK, KOJIK-
YecTBO M THUIl XJIOPOIUIACTOB, Hajuuue NUpeHouga U
CTPYKTYPY KpaxMaJIbHON OOBepPTKHU, CIIOCOOBI Pa3MHO-
)XeHusa u fap. J[yia olneHKu pa3MepoB KJIETOK IIPOBO-
aunu He MeHee 100 n3MepeHuii. 3a OCHOBY B AAHHOM

paboTe BrIOpaHa KJIaccudUKanusa BOAOPOCTEN, MpUBe-
JleHHasA B MexAyHapOoOHOU 371eKTPOHHO 6a3e JaHHBIX
AlgaeBase (Guiry and Guiry, 2025).

2.4. Axkcrpakuua AHK, amnandpukauumna,
CeKBeHUpoBaHHue

Brienenue TtoraneHoUl JIHK ocymiecTBiasanu c
MOMOIIBI0 KOJIOHOYHOro Habopa DNeasy Plant Mini
Kit (Qiagen, CIIIA), cienyAa IPOTOKOJIy NPOU3BOAU-
Tend. Jlna aMmanduKanuy HCMOJIb30BaJId TOTOBYIO
cMmech ana TP Screen Mix-HS (EBporeH, Poccus).
[Tpatimepsl u ycyioBusA A amiindukanuu reHa 16S
pPHK u cneticepa 16S-23S ITS pnisa nuaHo6akTepuil
(Taton et al., 2003; Strunecky et al., 2010), ITS2 mia
3eJIeHbIX MUKpoBoiopociieit (White et al., 1990) u rbcL
J171s1 XapodUTOBBIX BoJiopocyiell yka3aHsl B Tabsure 1.
Herexknuio nesnesbx [IIP-IpoaAyKTOB IPOBOAUIIN 3JIEK-
Tpodopernuecku B 1%-HoM arapo3HoM rejie (Kpacu-
teqb SYBR Safe). 1A manbHeHInel OYMCTKUA aMILIH-
KOHOB U3 TeJis mcrnoJib3oBasim Habop Cleanup S-Cap
(EBporeH, Poccus). CexkBeHUpoBaHNE HYKJIEOTHIHBIX
mocJieloBaTeIbHOCTEH ocyllecTB/sIM Ha 06ase 3A0
EBporen (Poccus).

2.5. MoneKyAapHO-QUAOTEeHEeTHYECKHH
aHanu3

PenakTrpoBaHue 1 cO0OpKy KOHCEHCYCHO ocJie-
JI0BaTeJIbHOCTU MPOBOAWJIN C IIOMOIIbI0 BU3yaJIbHOI'O
COIOCTAaBJIEHUA NPAMOK U 00paTHOM XpoMaTOrpaMM B
nporpaMmme BioEdit. [y MoJIeKyJIApHO-TeHETUYECKON
naeHTHUKaANMY MTaMMOB I[MaHOOAKTEepU U MUKPO-
BOZOpOCJIeli OBLI OCYIIecTBJIEH IOHWCK TI'OMOJIOTUU
HyKJICOTUAHBIX [OCJe0oBaTeJIbHOCTel HCCileAyeMBbIX
MapkepoB mo anroputMy BLASTn B GenBank NCBI
(https://blast.ncbi.nlm.nih.gov) (Sayers et al., 2021).
OT60p mocJieoBaTeIbHOCTEN OCYIIEeCTBJIAJIN HCXOAA
13 KpUTepreB MaKCUMaJIbHOIO POJICTBA, KauecTBa Mpo-
gyTeHus (6e3 BBIPOXOEHHBIX ¥ HEM3BECTHBIX HYKJIEOTU-
JI0B), AJIVHBI IPOYTEeHMA U IPUHAAJIEXKHOCTH K TUIIOBBIM
BUAaM U KOJUIEKIIMOHHBIM ayTeHTHYHBIM IITaMMaM.

Ta6suiia 1. [TpaiiMepsl U ycjI0BUsA aMIUTMUKaLUY LieJIeBbIX T€HOB U CIericepoB.

Mapxkep ITpatiMeps1 YceioBus
16S pPHK 27F: AGAGTTTGATCMTGGCTCAG 94°C — 5 MuH;
+ITS 359F*: GGGGGATTTTCCGCAATGGG 94°C — 30 cex;
1407F*: TGTACACACCGCCCGTC 55°C — 30 cex;

781R*: GACTACTGGGGTATCTAATCCCATT 72°C ‘73%1““’7 40 uKI0B;
1467R*: AAGGAGGTGATCCAGCCACA - / MHH.
23S30R: CTTCGCCTCTGTGTGCCTAGGT

ITS2 ITS3F: GCATCGATGAAGAACGCAGC 95°C — 3 MuH.;
ITS4R: TCCTCCGCTTATTGATATGC 95°C — 30 cexk;

57.6°C - 30 cek;
72°C — 1 muH, 35 I[UKJIOB,;
72°C - 10 muH.

rbcL KF2: ACTTACTACACTCCTGATTATGA

KR2: GGTTGCCTTCGCGAGCTA

95°C - 2 MUH.;
94°C -1 mum;
47°C -1 mumn;
72°C — 3 muH, 40 I[UKJIOB,;
72°C — 8 MuH.

IIpumeuanmue: *

OTMeYeHbl BHyTpeHHIe CeKBeHHUPYIolie nIpaiiMephl.
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MHOXeCTBEHHOe BBHIPABHMBaHME OBLJIO BHIIOJIHEHO B
nporpamme MAFFT ver. 7 (Katoh et al., 2019). Bei6op
HYKJIGOTUOHBIX 3aMeH OCYLIeCTBJIUIM C ITOMOLIBIO
nporpammsel IQ-TREE v. 2.2 (Minh et al., 2020), opu-
eHTHPYsACh Ha MUHUMaJsIbHOe 3HaueHue BIC kpurepus
(Bayesian information criterion) (Hoang et al., 2018).
OlrieHKa TOIOJIOTHH BeTBel ¢ momolnbio Tecta SH-aLRT
ObUta peas3oBaHa B OJIOKe NOCTpoeHUs duore-
HeTuveckoro pAepeBa UGENE (Shimodaira, 2002).
PekoHcTpyKUuMo0 GUIOTeHeTUYeCKUX B3anMOCBsA3el
C MOMOIIBI0 MeToAa MaKCHMAaIbHOI'O IPaBAONON00MS
(ML) ocymectsasnu B nporpamme IQ-TREE v. 2.2. JTna
mocTpoeHusa QuUIoreHeTUYeCKUX JepeBbeB METOMIOM
Barieca (BI — Bayesian Inference) Gplia ucrnosib30BaHa
nporpamma BEAST v10.5.0 (Baele et al., 2025) B cooT-
BeTCTBUM ¢ peKkoMeHfarusMmu Barido-Sottani ¢ coasr.
(2024). B xauecTtBe MO MOJIEKYJIAPHBIX 4YacoB
HCII0JIb30BAJINCh HEKOppeINpOBaHHBE pacciabyeH-
Hble yackl (uncorrelated relaxed clock) ¢ siorHOpMaJTb-
HBIM pacIpejiejieHreM CKOpOCTell 3aMeH 110 BETBAM, B
KavecTBe MOIMYJIAIMOHHON MOZENIN — MOJeJIb «pOXIe-
Husa-rubesm Bumos» (Birth-Death Process). Anaimns
MIPOBOAMJICA € HCHOJIb30BAaHHEM MeTOZa MapKOBCKHX
neneii MoHnre-Kapio (MCMC). 3amyck Npou3BoAWJICS
Ha 100 MJH. uTepauuil Ui KaxJoN HccjeqyeMoil
IPYIIIBl MUKPOOPraHu3moB. CaMILIMpOBaHUe Mapame-
TPOB U AepeBbeB BHINOJIHANIOCH Kaxasie 10 000 utepa-
uuil nocjie ordpacekiBaHUsA NepBbIXx 25% MOKOJIEHUH B
kadecTBe burn-in. CXxoquMoCTh 3amycKoB U JOCTaTOY-
Has BBIOOpKa ObLIN NpoBepeHHl B nporpamme Tracer
v1.7. (Rambaut et al., 2018), oGecneunBas JOCTHXe-
HUe BceMHu mnapaMmerpamu 3bdeKTHBHOrO pasmepa
Beibopku (ESS) > 200. ®dunoreHeruuyeckue [epeBbs
ObLIN BU3yasiu3upoBaHsl B nporpamMe FigTree v. 1.3.1.
B xayecTBe cTaTHUCTHUYECKOI MOAAEPXKKHU y3JIOB JlepeBa
ykazanbl 3HaueHusa SH-aLRT (SH-aLRT — Shimodaira-
Hasegawa-like approximate likelihood ratio test), 6yT-
crpen ML (BP — bootstrap percentages) u anocTepuop-
HbIX BeposATHocTed BI (PP — posterior probabilities).
Paznmuus MexIy HyKJIEOTUOHBIMU ITOCJIeI0BaTeJIbHO-
CTAMU OXapaKTEPU30BAJIK C MOMOIIBI0 I'eHeTHYeCKUX
JUCTAHINE, MepON KOTOPHIX SABJIAJICA IPOIIEHT Heco-
BNAJIeHUI HYKJIEOTHZOB IpU IOMNApHOM CpaBHEHUU
BHIpABHEHHBIX [10CJIe/I0OBaTEJIBHOCTE!H, PACCUMTAHHBIN B
nporpamme MEGA 11 (Tamura et al., 2021). ITpu 3ToMm
YUUTBIBAJIM, YTO MOPOTU IeHEeTUYeCKUX AUCTAHIUN He
SIBJIAIOTCS] YHUBEPCAJIBHBIMU [ PA3JINYHBIX TAKCOHOB,
a ABJIIIOTCA TPOM3BOAHEIMU OT TOIIOJIOTUU JlEepeBa,
[apaMeTpoB 3BOJIIOI[MIOHHOM MOMEH, TaKCOHOMUYe-
CKOT'0 COCTaBa, [TOJHOTHl U pelpe3eHTaTUBHOCTU KOH-
KpeTHOro Habopa mocienoBarenbHocTel (Collins and
Cruickshank, 2013). [IpeAcka3aHue BTOPUYHON CTPYK-
Typbl KOHCepBaTUBHBIX minumyek D1-D1’ u BoxB cneii-
cepa ITS 16S-23S ocyuiecTBiAIN C HUCHOJIB30BaHUEM
cepBuca RNAfold (http://rna.tbi.univie.ac.at//cgi-bin/
RNAWebSuite/RNAfold.cgi, maTta o6pamenus 20 uroHs
2026).

3. Pe3ynabTatbl M 06Ccy)xpeHue

B pe3yJibTaTe BHIIOJIHEHHBIX paboT GBLIO U30JTU-
poBaHo 19 mTaMMOB LIMaHOGAKTEPUH Y MUKPOBOAOPO-
ciaeit (Tabauna 2, Puc. 2).

456

3.1. Uuano6akrepum

[luanoGaxkTepuy  ObUIM  INpEACTAaBJIEHBl S
mraMMaMu U3 Tpex mnopsankoB — Leptolyngbyales,
Nodosilineales u Oscillatoriales.

Oitamm VKM Al-380 xapakrepusyercsi cie-
OyIOMME  MOp(OJIOTHYecCKUMH TNpU3HaKaMu: HUTU
JUIMHHBIE, BOJIHUCTHIE, 3-4.3 MKM MHIMPUHOHN, B TOH-
KX OecLBETHBIX cJM3UCThIX uexiyiax (Puc. 2A). UHorga
HaOJirofjaeTcs JIOXXHOEe BeTBJIeHHe. TpHUXOMBI OJIMBKO-
BO-3€JIEHOT0 1BeTa, 2—2.9 MKM MIUPUHOMN, U30TOJISIPHBL
WJIN cjlerka reTepornoJsiapHH! (B 60Jiee cTapbiX KyJIbTy-
pax), cyXeHbl y MonepevyHbIX neperopojok. Kietku ot
OveHb KOpPOTKUX (0T 1 MKM) A0 HU304UaMeTpUUYECKUX,
anukajbHasg KJeTka 3akpyrjeHa. M3pengka BcTpeda-
I0TCsA HeKpyauaJibHble KJIeTKU.

Ha 16S pPHK pepeBe mrTamMM KjacTepU3YyeTCA
¢ MpeaCTaBUTENIAMU KJIaAwl Leptolyngbya sensu stricto
C BBICOKOHM cTaTUCTHYecKoN mnoaaepxkou (Puc. 3).
T'eHetuueckue quctanimu mexay VKM Al-380 u ayTen-
TUYHBIMH IITaMMaMM Pa3HBIX BUAOB BHYTPH KJIafbl
coctaBAl0T 0.4-1.1%. OTOT ypOBEHb COOTBETCTBYET
MEeXBUJIOBOMY [IJIs1 9TOM KJIaAbl, IOCKOJIbKY AUCTAHIUU
MeXly ayTeHTUYHBIMHU IITaMMamu BUAOB L. boryana,
L. corticola, L. tenerrima u L. angustata BapbUPYIOT B
auamnasose 0.1-0.9%. BropuyHas cTpyKTypa INUJIbKA
D1-D1’ cmeiicepa 16S-23S ITS mramma VKM Al-380
IOJIHOCTBI0 MAEHTUYHA CTPYKType L. corticola (Puc. 4)
U otamvaetca ot L. boryana v L. tenerrima HyKJI€OTU-
HBIM COCTaBOM KOHIIeBOIl HeTjiv. BropuuHas cTpyk-
Typa mnuiskyu boxB mramma VKM Al-380 yHuKaipHa
[I0 CpaBHEHWI0 C YyXe OINMCaHHBIMU BHUAaMU poAda
Leptolyngbya (Puc. 5).

Mopdosorus mramma VKM Al-380 Haubosee
6Jmm3Ka K onucanuio L. corticola (Johansen et al., 2011)
[I0 pPAAY IPU3HAKOB: TOJIIMHA TPUXOMOB, UX HEKOTO-
pasg reTeponoJIAPHOCTh B CTapelluX KyJbTypax, a
TaKXkXe HaJnyle HeKpUAuaJIbHBIX KJleToK. OlHaKo 3Ha-
yeHus IeHeTHYeCKuX AUCTAaHIUI, TONOJIOTUA JAepeBa
16S pPHK u yHUKaNbHOCTh BTOPHUYHOMN CTPYKTYPHI
mribKu boxB creficepa 16S-23S ITS He MO3BOJIAIOT €
YBEepPEeHHOCTbI0 yTBEPXKAaTh, YTO Halll MITaMM ABJIAETCA
IpefcTaBuTesIeM AaHHOro Buaa. [IosToMy MbI HOEHTU-
dunupyem VKM Al-380 kak Leptolyngbya sp.

MItamm VKM Al-382 BxOoOWT B CECTPUHCKYIO
rpynmny Ha gepeBe 16S pPHK (Puc. 3). [{na mramma
XapakTepHbl IpsAMBle WA W30THyThle HUTU 2.3-2.6
MKM HIMPUHOM, B OYeHb TOHKHUX, IIOYTH He3aMeT-
HBIX, OeCI[BeTHBIX CJIM3UCTHIX YexyaxX, 0e3 BeTBJIEHUN
(Puc. 2B). TpuxoMbl 0OJIMBKOBO-3€JIEHOTO LiBeTa, 2-2.4
MKM [IMPUHOH, W30IMOJIAPHBIE, CYXEHBl y MOoIepeYHbIX
neperopoAok. KileTku nsoanamerpudeckue Uiy JjnHa
KJIETOK cJjlerka MeHbllle/00Jibllle MUPUHbL. ANIMKaJIbHaA
KJIeTKa KOHYCOBUAHAs C 3aKpyIJIEHHbBIM KOHI[OM.
HexpuauasnbHble KJIETKHU He HaOJII0AalIy.

Mexnay Bumamu poja Leptolyngbya, He BXOzs-
muMu B kiany Leptolyngbya sensu stricto, — L. alkalina,
L. koreana, L. vaporiphila, L. terrestris, L. salina u L.
hodgsonii, reHeTUYeCKMe JUCTAHIIMY BapbUPYIOT B Ma-
nazoHe 1.4-7%. [uctaHnuu MexAy mrammom VKM
Al-382 u mepeunciIeHHBIMHM BUJIaMH COCTaBJIAIOT 3.0-
5.9%, T.e. COOTBETCTBYIOT MeXBUAOBEIM. TakuM obpa-
3oM, VKM Al-382 siByisieTcst KaHAUAATOM B HOBBIH, HEO-


http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi
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Puc.2. Mukpodororpaduy mramMmoB HUAHOOAKTEpUH U 3YKapHOTUYECKUX MUKDPOBOJOPOCIIEH, M30JIMPOBAHHEIX U3 OHO-
IIJIEHOK Ha MCKYCCTBEHHHIX cybcTparax ropoaa IlymuHo. A — Leptolyngbya sp. VKM Al-380; B — Leptolyngbya sp. VKM Al-382; B
— Phormidesmis priestleyi VKM Al-385; I' — Cymatolege sp. VKM Al-383; 11 — Microcoleus autumnalis VKM Al-384; E — Pseudomuriella
schumacherensis VKM Al-399; X — Coelastrella affinis VKM Al-567; 3 — Tritostichococcus corticola VKM Al-401; 11 — Deuterostichococcus
alpinus VKM Al-411; K — Chloroidium saccharophilum VKM Al-406; JI — Klebsormidium flaccidum VKM Al-402; M — Klebsormidium
mirabile VKM Al-409. [lIkana, o6o3HaueHHas Ha poTtorpadum A, aBiisercs obmied 1A Beex dotorpaduii 1 paBHa 10 MKM.
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Ta6suna 2. lltamMMbl HraHoO6aKTepuil 1 3yKapHoOTUYeCKUX MUKPOBOAOPOCJIeli, N30JIMpOBaHHbIe 13 OLOIJIEHOK Ha HCKyC-
CTBEHHBIX cy6cTparax ropoza IlymuHo.

No TakcoH KoJL/IeKIIMOHHBIN MecTo u3osAnuu, cyocrpar
mramMm, VKM Al-
Orgen Cyanobacteriophyta
kyacc Cyanophyceae
nopsnok Leptolyngbyales
1 Leptolyngbya sp. 380 Lokoss moma, Mkp. I, o. 26, 1 nogwe3n,
Marepual - 6eToH
2 Leptolyngbya sp. 382 Llokoss moma, Mkp. I, o. 26, 1 moabesn,
marepual - 6eToH
3 Phormidesmis priestleyi 385 Hu3z MeTaiinyecKoi Omophl KO3BIPbKa, MKP.
I, 0. 6, 2 nogbe3n (Puc. 1I"), maTepuait
- MeTaJlI
nopsnok Nodosilineales
4 Cymatolege sp. 383 Crynensky, MKp. I, a. 28, 1 nogbesp
(Puc. 1A), maTepuai - 6eTOH
nopsfok Oscillatoriales
5 Microcoleus autumnalis 384 Hu3 MeTayyinyecKoy omophl KO3BIPbKa, MKP.
I, o. 6, 2 nogbe3n, MaTepuas - MeTajll
Otpen Chlorophyta
kiacc Trebouxiophyceae
nopsanok Prasiolales
6 Tritostichococcus corticola 401 Crynenbku, MKp. I, . 28, 1 mogbes[, Mare-
puai - 6eToH
7 Deuterostichococcus alpinus 411 JlepeBsAHHaA onopa Ko3blpbka, BTU
(Puc. 1E), maTepuas - iepeBo
nopsagok Watanabeales
8 Chloroidium saccharophilum 400 Crynenbku, Mkp. I, A. 28, 1 mogbes[, Mare-
puai - 6eToH
9 Chloroidium saccharophilum 406 MeTasumiueckas omnopa Ko3sippka, BT
(Puc. 11), maTepual - MeTaJLI
10 Chloroidium saccharophilum 407 Crynenbku, Mkp. I, A. 28, 1 mogbes[, mare-
puai - 6eToH
xyacc Chlorophyceae
nopsafok Sphaeropleales
11 Pseudomuriella schumacherensis 399 Crynensky, MKp. I, 1. 28, 1 nmogwve3n, mate-
puai - 6eToH
12 Pseudomuriella schumacherensis 404 Hu3s meTasinyeckol onopsl KO3bIPbKa, MKP.
I, o. 6, 2 nogbe3n, MaTepuas - MeTajll
13 Coelastrella affinis 567 KupnuuHas creHa, mos, MKp. AB (Puc. 1B),
Marepua — [IeMeHTHO-IIeCIaHas CMech
Otnen Charophyta
kiacc Klebsormidiophyceae
nopsaok Klebsormidiales
14 Klebsormidium flaccidum 402 OTyKaTypeHHbIH IOKOJIb, MKp. I, 1. 7, 1
nonwe3n (Puc. 1B), matepua — mrykarypka
15 Klebsormidium flaccidum 403 Hu3s MeTaiyinyecKoi Omophl KO3BIPbKa, MKP.
I, a. 6, 2 nogbe3n, MaTepuasl - MeTajll
16 Klebsormidium flaccidum 405 Hu3z MeTaiyinyecKo Omophl KO3BIPbKa, MKP.
I, a. 5, 2 noabe3n, MaTepuasl - MeTajll
17 Klebsormidium mirabile 398 Llokoss oma, MKp. I, n. 26, 1 moabe3n,
MaTepual - 6eToH
18 Klebsormidium mirabile 409 Kiy6 «Pe3oHaHC», IIOKOJIb, MKpP. [, 1. 20A,
Marepual - 6eToH
19 Klebsormidium mirabile 410 Kiy6 «Pe3oHaHC», IIOKOJIb, MKP. [, 1. 20A,
Marepual - 6eToH
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Leptolyngbya angustata UTCC 473 (AF218372)
Leptolyngbya boryana E11 g’0430083)
Leptolyngbya boryana LEGE (MF629803)
Leptolyngbya boryana PMC 83834 (MT984284)

Leptolyngbya boryana BACA0330 (0Q453216
]cpm/ mghya boryana IAM M-101 (AB245143

]cpmf'nghya boryana NIES-2135 (LC215287

Leptolyn; bya foveolarum' VP1-08 (FR79894:

chlo yngbya corticola CCALA 085)&?(28450085)

Leptolyngl vn boryanum PCC 73110 (X84810)
Leptolyngby zmeolamm ULC072 (MH]]8738)
Leptoly, ngh a boryana E209 (PQ450090)
va boryana KPABG T8 (ON89767])
va boryana E23 (PQ4500:

Leptoly,
Leptolyng
Ie/)mrwgb}a boryana CCA] A 083 (P 450105)
L mel; ngbya fweularum (X84808

ymghbya boryana CCALA 078 (PQ450084)

’“w

Lepto
Leptolyngbya boryana E102 PQ450089) L ) )
LL;II'O’WI oh gfa bm%*ana E1 (PQ4500: ep IO[_) ngb) a
Leptolyngbya boryana CCALA 1076 T600738) sensu stricto
Leptolyngbya boryana EA7 EPQB é

485 (EF429291)

Leptoly ngh}a boryana UTEX
Leptolyngbya boryana PCC 6306 (EF429290)
LLp/o/wrgfb\a boryana UTEX B 488 %EF429295)
ch/obui va boryana UTEX B 487 (EF429292)
Leptolyngbya tenerrima UTCC 77e (EF429288)
Leptol lyngbya corticola CCALA 085e (EF429299
yngbya boryana CCALA 082 (PQ450104)
ly bya boryana E48 (PQ450088)
cf. boryana Ru-
bya cf. boryana Ru-1-5 (MH688846)
bya sp. BACA0253 (0Q453215)
L asp. VKM Al-380 (PZ626869)
* eptolyngbya alkalina A
Leptol) lkalina CCALA 078 450101)
_/) toly )I%J\a alkalina CCIBt3284e (MN334194)
Lep/olyrl%byu koreana FBCC-. A14 e 87)
Leptolyngt hila YNP69B-MA2e (OR259132)
Teptotyngh WJT66 NPBGZ (KJ()}‘JOZS)
lepmlyn;,h_],u sp. (; Al-382 (PZ.626868)
Leptolyngbya sp. NIES-3755 (APO1 7'408)
BCC A1479e (OK382086)

eptolyngbya tery

/87/; Lej lo)n[,bya salina FBCC-A147e (OK382088)

57rolwq,b; a hodgsonii ANT.LPR2.2e (AY493583)
Phormidesmis nigrescens KPABG 3690 (ON897

J Phormidesmis nigrescens KPABG 3629 (ON897655)

Phormidesmis nigrescens LK014 (KU219733
LKO15 (KU219734)
P/wrmldesmm nigrescens LKO16 (KUZ 19735
Phormidesmis priestleyi KPABG 132176 (ON89766 1)
Phormidesmis priestleyi ANT.LG2.4 (AY: 80)
Phormide: nigrescens RL 08-6e (KU2 1 9739
Phormidesmis priestleyi ANT.L52.6 (AY493579
Phormidesmis nigrescens JR 09-1 éKU21973(%)

Phormidesmis nigrescens KPABG 35801 (ON89 654)
Phormidesmis nigrescens RL 08-8 (KU21974 _)
Phormidesmis priestleyi ANT.L52. 4 AY493578
Phormidesmis nigrescens KPABG 3514 (ON897657)
Phormidesmis priestleyi ULC147 (HM101225)
Phormide ens GL 08-2 (KU219720)
i 15 AB 10-5 (KU219714)

rmides ns GL 08-7 (KU219722)
Phormidesmis priestley i AB 10-10 KUZI‘)7H)
Phormidesmis priestleyi LK057 (K %
Phormidesmis sp. WIT36: \IPBGZX (KJ9 9059)
Phormidesmis sp. WJT36-NPBG12 (KJ939035)
Phormidesmis priestleyi G-38 (KU. 3
Phormidesmis sp. WJ 43-NPBGIO(SKJ93 037)

Phormidesmis priestleyi KPAB 6]0017(() IN897653)
Phormidesmis priestleyi KPABG 610025 (ON897646)
Phormidesmis sp. WIT36-NPBG35 (KC525089)

Phormidesmis sp. WJT36 NPBGI 5 (KJ939033)

Phormidesmis
\IIL)I AB ]2 6 (KU219743)
stleyi AB 12-5 (KU219717)
VI ANT.L66.1@ (AY493581)
y riestleyi AB 122(KU219716)
Phormidesmis priestleyi G 49(KU21972
Phormidesmis priestleyi VKM Al-385 %) 1626871)
Phormidesmis sp. CALU 1931 (PQ145751)
Phormidesmis priestleyi ANT.L61.2 (AY493582)
Phorm!dmmué)rlcst}eyl CYNTI1 (JQ687335)
rmidesmis molle MMA66 (KR611710)
Phormidesmis sp. ACSSI 170 (KY283068)
Phormidesmis communis KTS (MK8619
Phormidesmis sp. WIT24-NPBG8 (KC525088)
Phormidesmis communis KPABG 125307 (ON897667)
Phormidesmis communis KPABG 38552 (ON89765 2)
Phormidesmis communis KPABG 3174 (ON897652)
Phormidesmis communis KPABG 3940% IN897647)
Phormidesmis communis KPABG 3307 (ON897656)
Phormidesmis communis KPABG 4281 (ON897665)
Phormidesmis communis KPABG 4188 (ON897663)
Phormidesmis communis KPABG 132177 (ON897660)
Phormidesmis communis KPABG 610058 (ON897651)
Phormidesmis communis 1. K029 %KUZIQTH

s

*px

95/p6/0.

96/98/1

92/94/0.93

99/% /%

Phormidesmis priestleyi ULC163 (MK2807
Phormidesmis communis AB 11-10e (KU219715)
Y—— Phormidesmis communis KPABG 4170 (ON897662)
Phormidesmis sp CHAB TP201704.1 clone 01 (MT488137
88

Phormidesmi

ries
Phormldumm sp. ACS’SI 324 (MT42594
Phormidesmis pllmllew ANT LACVS ; (AY493586)
-4-1-O

Phormidesmis sp. -
Leptolyngbya sp. CALU 1919 (PX262447)
I e[}mlyngbya sp. L52.1 (AY493584)
Pseudophormidium battersii NN-3-1-B (MT946563)
Cymamlefe sp. VKM Al-383 (PZ626867)
eptolyngbya sp. LEGE 07075 (HM217080)
Pseudophormidium bartersii KZ-16-2 (MK211230)
Pseudophormidium battersii NN-3-1-D (MT946564)
Phormidesmis sp. CENA317 (KT731138
Phormidesmis sp. CENA339 (KT731156
cf. Phormidesmis sp. LEGE 11434 (KU951670)
Pseudo hcrm:dlum(gFANT LPE.3 (AY493587)
cf. Phormidesmis sp. LEGE 11475 (KU951671)
Oscillatoriales cyanobacterium 1. FGF ]0370 gJQQZTMA)
Phormidesmis sp. TIOX96 (OP!
( vmalaI%h'a isodiametrica TAU-MAC 1715 o (MN833626)
ormidesmis sp. LEGE 11430 (KU951669)
-MAC 1315 (KY744813)

Tychonema bourrellyi CCAP 1459)/ 1 ] Bo (/\B645897)

Tychonema tenue SAG 4.82 (G 73)
Microcoleus rushforthii UT C 2960 (AF218377)

Tychonema bornetii NIVA CYA 95 (LM651415)

rchonema sp. K27 (GQ324965)

honema /1/11/ ale BBK 160 (MN969972

Microcoleus anatoxicus PTRS2e (MT013208)

Oscillatoria limosa SAG 42. 87 (K_M 19961

of. Tychonema sp. SAG 2388 (KF41763

Microcoleus vaginatus PCC 9802 (CP031740)
Phormidium nigroviride PCC 7112 CP003()14)

Microcoleus cf. vaginatus Ru-6-12 (MH688845)
1609 TNS:. ?)L61748. (LC486302)

99/%/*

Microcoleus pseudautumnalis Ak
Microcoleus vaginatus E2_C6e (MW74283

Microcoleus sp. Luznice (KC633959)

Hydrocoleum sp. SAG 38.87 (KM019963)

Tvchonema sp. 8.1 (PQ252263)

Tychonema sp. 1.1 (PQ252261

Tychonema sp. 1.2 (PQ252262

Microcoleus autumnalis 97.20 (OP163 125)

Microcoleus autumnalis SAG 35.90 (EF654081)

Tychonema sp. 8.2 (PQ252264)

Microcoleus autumnalis Ant-Ph68 (DQ493874)
fychonama sp. LEGE 221422 ( PQS 101()
[ychonema sp. LEGE 221421 g

97/93/* ficrocoleus autumnalis SAG 78.79 (EF6 4084)

! Microcoleus autumnalis VKM Al-384 (PZ626870)
Microcoleus autumpalis PMC 1156.19 (MW405022)
sp. BACA0106 (MT176739)
Mumuleu\ autumnalis BB-1 (KT343916)

Mluuwlu/s mmmma/m BEA 1075B (ON130355)
0.06 Arct-Ph5 (DQ493873

: Mlcrow/em antarcticus CPCC 474 (NR_176481)

Puc.3. ®duioreHeTnueckoe AepeBo I[MaHOOAKTepUi, IOCTPOEHHOe Ha OCHOBe aHa/M3a IocJjiefjoBaTesibHOCTelH reHa 16S
pPHK. 3nauenus SH-aLRT, BP menee 90%, PP menee 0.95 He ykaszaHbl. Mogaesb HykieoTUAHbIX 3aMeH GTR + 1+ G. AyTeHTUu4YHbEIe
ITaMMbl TaKCOHOMMYECKU MPU3HAHHBIX BUJIOB O0O3HAUeHBl YepHOU TOUKOH. [ToyryXupHBIM HIpU(TOM BBIAEJIEHH IITAMMEI,

uccjeqyeMble B paMKax JaHHOU paboThL.
459
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BOOOPOCHU.' ﬂpOﬁfleMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

MUCaHHBIN BUJ I[MaHOOaKTepHUii, U ToKa 0003HaYeH Kak
Leptolyngbya sp.

MItamm VKM Al-385 umeert ciieayomnye Mopdo-
Jloruyeckye NMpU3HAKW: HUTU JJIMHHBIE, IIpAMBIE WA
u30rHyThle, 4-5 MM mupuHoil (Puc. 2B). H3penka
HabJiojaeTcs JIOXHOe BeTByieHue. CIIM3KCTHIE YeXJIbl
o4ty GeclBeTHbIE B MOJIOJBIX KyJIbTypaxX U TeMHO-Ce-
pble B CTapbiXx. TpUXOMBI OJIMBKOBO-3€JIEHOTO ILIBETa,
2.3-2.7 MKM HIMPUHOM, CyXeHbl y MONepeyHbIX Iepe-
rOpOJOK, MOTYT CIHMpaJIbHO 3aKpy4uBaTbCsA BHYTpHU
yexsia. KieTku G04YOHKOBHMAHON (OpMEI, HU30AMaMe-
TpUYecKre WM AJIMHA KJIETOK MeHbllle UX MIMPUHBL
AnukanpHas KJjeTka 3akpyrjeHa. HexkpuauasibHble
KJIeTKH He HabJrofamnu.

Ha nepese 16S pPHK mtamMm Boliesn B rpymmy,
0o0beJUHAIIIYI0 IIpeAcTaBUTesell [ABYX BUOB
Phormidesmis priestleyi n P. nigrescens, 1 C BBICOKOH
CTaTUCTUYECKON TNOANepXKON KJacTepu3oBajicad C
P. priestleyi G-49 (Puc. 3). ['eHeTUuYeckas OUCTAHIUS
Mexay VKM Al-385 u G-49 cocraBwia Bcero 0.1%,
¢ ayteHTUYHBIM P. nigrescens RL 08-6 — 1.6%, a c P.
priestleyi ANT.L66.1, npeijio)XeHHBIM B KauecTBe pede-
peHcHoro Ansa suga P. priestleyi (Davydov and Vilnet,
2022) - 1.3%. BropuunHas ctpykrypa mmuiek D1-D1’
u boxB cneficepa 16S-23S ITS Hamiero mraMmMa MoJHO-
CTBIO UJEHTUYHA CTPYKType P. priestleyi G-49 (Puc. 4,
5). Tlockosibky mrTamm P. priestleyi G-49 oTHeceH K
3TOMY BHJly Ha OCHOBaHWUM pe3yJIbTaTOB HeJlaBHUX ITOA-
pobubix uccaenopanuii (Davydov and Vilnet, 2022),
mramMm VKM Al-385 Takxe ObUT HUOeHTUPUIMPOBAH
kak Phormidesmis priestleyi.

Mtamm VKM Al-383 mmen HeOoObIYHBIN (heHO-
Tun. Huty qiivHHBe, NpAMBIe WA U30THYTHIE, U3peaKa
JIO)KHO pa3BeTBjeHHble, 2.7-3.6 MKM MHIHMPUHOU
(Puc. 2I'). Obonouku TOHKUeE, Gecl[BeTHbIe, COAepXka-
mye ofuH (m3penka Gosee) TpuxoM. TPUXOMBI PO30-
BaThle, CJIerKa CyXKeHHble y IOMepeyYHBIX CTeHOK, 2.4—
3.3 MKM HIMPUHOM, B HEKOTOPHIX MeCTax CNHpPaJIbHO
3aKpyueHbl, 06pa3ys y3esku. J[yimHa kietok (0T 1 MKM)
MeHbllle UX HIMPHHBI, Ha KOHIIaX TPUXOMOB OKpPYIJIBIE.
ITpucyTCcTByIOT HeKpUAUaIbHble KJIETKU.

Ha pnepeBe 16S pPHK panHHBI mITaMM Trpyn-
nupyercA Cco IMTaMMaM{, O00O3HaueHHBIMH Kak
‘Pseudophormidium’ battersii (Puc. 3), 06GHapy>XeHHbIMHU
B 3acosieHHbIXx MectoobuTaHuax (Mikhailyuk et al.,
2018; Sommer et al., 2020). X TaKCOHOMUYECKUI CTa-
TyC He ompefesieH U HyXaaeTcs B peBusuu (Sommer
et al., 2020). B cBol ovepenp 3TH IITAMMBI C MaKCU-
MaJIbHOM CTaTHUCTUYECKOU MOJJIepXKKOil (GOpMUPYIOT
e[IUHYyI0 KjaJy ¢ IpeAcTaBUTesIAMH He[JaBHO ONMCaH-
Horo poaa Cymatolege. UHTepecHO, 4TO JIBa OIMCAHHBIX
Bupa C. spiroidea u C. isodiametrica 6pLT1 OOHAPYXEHBI
B MOPCKHX MeCTOOOMTaHMAX B accoluanuax ¢ ryo-
KaMM U HUMeJid APKO-po30BYyI0 okpacKy (Konstantinou
et al., 2021). TeHeTnveckre aucTaHuu Mexay VKM
Al-383 u ayrenTMuHbIMH mTamMmMmamu C. spiroidea u
C. isodiametrica paBubl 4.2 1 2.7% COOTBETCTBEHHO,
a MexAy onvcaHHbBIMU BuaamMu — 3.3%. Bropuunas
cTpykrypa mmwiek D1-D1’ u boxB cneficepa 16S-
23S ITS Hamero wmraMmMa M ABYX ONMCAHHBIX BUJOB
oTJindaioTcsa mexnay coboi (Puc. 4, 5). Takum obpa-
3oM, mramMm VKM Al-383 B kj1acTepe, COOTBETCTBYIO-
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meM pofy, ABJAeTCS OTAeJIbHON (uiIoreHeTU4ecKomn
JIMHUEN U, BepOsATHO, Npe/icTaBisAeT coO0il HOBBIN BUJ
pona Cymatolege.

MItamm VKM Al-384 mopdosioruyecku Cxox
c mpefcTaBUTeNIAMH pofa Microcoleus u xapakTepu-
3yercsa CJeAyIOUMMU IpU3HaKaMWU: HUTU HMIMPUHON
6.2-9.0 MKkM c OecIBeTHBIMM CJIM3UCTBIMU YeXJIaMu
(Puc. 2[T1). Tpuxombl OJIMBKOBO-3€JIEHOTO I[BeTa, 5-6.8
MKM HIMPUHOM, He HMeIT CYyXeHHH y IOolepedyHbIX
CTEHOK, CIIOCOOHBI K CKOJIb3AIlleMy ABMXeHuo. J[yrHa
KJIETOK MeHbllle UX MHUPHUHBL. TepMuUHaIbHaA KJIeTkKa C
xanunTpoi. [IpucyTcTBYI0OT HeKpyuanasbHble KJIeTKU.

Ha pepeBe 16S pPHK mitamMMm c BBICOKOH MOA-
JlepXKou rpymnmnupoBasica ¢ Microcoleus autumnalis SAG
78.79 (Puc. 3). l'eHeTHueckre JUCTAHIINN MeXy HUMU
OTCyTCTBOBaJIU. BropruuHas cTpykTypa mmnuiaek D1-D1’
u boxB cmeficepa 16S-23S ITS o6oux mTaMMOB UJIEeH-
thyHa (Puc. 4, 5). 5Ty mMTaMMBI B CBOIO O4epelib SBJIA-
I0TCA 4YacThbl0 KPYIHOM KJIaAbl, BKJIIOYAIOIIEll ayTeH-
TUYHBIN mWTaMM M. vaginatus E2_C6 u npepacraBuresnei
Ipyrux BumoB poaa Microcoleus. Takum obGpaszoM, Ha
JaHHBI MOMeHT MbI uaeHTHUDuIpyem VKM Al-384
Kak Microcoleus autumnalis.

DyKapuoTHUYecKre BOAOPOCJIU ObLIA IpeAcTaB-
JieHs 14 mramMmamu u3 ABYX othesioB — Chlorophyta
(xmmaccet  Trebouxiophyceae w  Chlorophyceae) n
Charophyta (xstacc Klebsormidiophyceae).

3.2. 3eneHble BOAOPOCAU

MItamm VKM Al-411 umMern TUMAYHBIA MOpdo-
tun poaa Stichococcus (Proeschold and Darienko, 2020)
(Puc. 21). Knetku ogquHOYHBIE WX B IICEBAOHUTAX IO
2-3 kJeTkH, 5.3-9 X 2.4-3.2 mkMm. OTHOIeHUe JJIMHBI
K mupuHe 2.2-3. XJIOpOIJIacT OJIUH, IPUCTEeHHBI, 6e3
nvpeHoua. PazamHoxeHue yTéM AesleHUs KJIETOK.

VKM Al-411 Bomies B KJIaAy ¢ IpeACTaBUTEAMMI
pona Deuterostichococcus (Puc. 6) u KiacTepu3oBasca
¢ ayTeHTHYHBIM mTamMmoM D. alpinus FACHB-2327
(SH-aLRT - 95%, BP — 97%, PP — 0.99), npu 3TOoM u
reHeruyeckas QUCTaHIUA cocTaByiuim 1.7% (BHyTpu-
BUOBOM YypoBeHb). [l cpaBHeHUs YpOBeHb TIeHe-
TUYeCKUX pasanuuii mexnay D. epilithicus u D. alpinus
-17.8-18.1%.

Ham mtaMM HecKOJIBKO OTJIM4YaeTcs OT ONMCaH-
Horo HenaBHO D. alpinus (Cao et al., 2025) MeHbIMMU
pasMepaMu KJIeTOK 1 OTCYTCTBHEeM IIMpeHon 1A 1o AaH-
HBIM CBeTOBOI MHUKpocKkonuu. OAHaKo pasMephl Kie-
TOK MOTYT BapbHMpoOBaTh B 3aBHCHUMOCTH OT Bo3pacTa
KyJIbTYpElL U 0COOEHHOCTEH KyJIbTHBUPOBAHUA, a IJiA
NOATBEPXJAEHUA HaJIW4YWA/OTCYyTCTBUA NHUpeHouaa
HeoO0XOAMMO IIPOBECTH 3JIEKTPOHHYI0 MHUKPOCKOIHUIO.
Takum oOpaszoMm, Mbl uaeHTUUIpyeM mramMMm VKM
Al-411 kak D. alpinus.

bauskyroo Mopdosorur umen mramMMm VKM
Al-401 (Puc. 23). Kmerku omuHouHble, 4-8 (17) X
2.4-3.5 MxM. OTHoOleHMUe AJWHB K WuUpuHe 2-2.6.
XjopoIylacT OAWH, IPUCTeHHBIN, 0e3 NHpeHOuAa.
PasMmHOXeHNe MyTéM AesieHHs KJIETOK.

CorsiacHO GuIOreHeTH4eCKOMY aHaIU3y, ITaMM
VKM Al-401 npunamiexan K Bumy Tritostichococcus
corticola (Puc. 6), TOCKOJIBKY KJIACTepH30BaJICs C ayTeH-
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Deuterostichococcus a

95/99/%

91/-/1

88/-/0.95/

G

87/88/0.97
~

95/97/0.99| Deuterostichococcus agp
Ip

Deuterostichococcus epilithicus SAG 2060- (MT078165)
Deuterostichococcus epilithicus SAG 2119 (MT078166)
Deuterostichococcus epilithicus VKM Al-440 (OR852644)
Deuterostichococcus epilithicus SAG 10.97 (MT078169)
Deuterostichococcus alpinus VKM Al-411 (PZ829581)

inus SAG 2482 (MT078170)

inus FACHB-2327¢
Diplosphaera chodatii (T) SAG 48.86¢ (MT(078178)

Diplosphaera chodatii 863-4-P (MZ919288)

Diplosphaera chodatii SAG 11.88 (MT078177)

Diplosphaera chodatii CCAP 416/1 (OP901443)

Diplosphaera chodatii VKM Al-551 (PZ148241)

Diplosphaera elongata ASUV 135+ (OK636219)

Diplosphaera elongata PPS2.B (OK636234)

Diplosphaera elongata PPS2.D (OK636235)

Diplosphaera sundellii WPW02-8+ (0Q298831)

Diplosphaera sundellii WPWO02-24 (0Q298830)

Diplosphaera sundellii WPWO2-11 (0Q298828)
Tetratostichococcus jenerensis (T) SAG 2138« (MT078183)
Tetratostichococcus sp. VKM Al-446 (OR852650
Tetratostichococcus jenerensis KS126SM6L (KX094844)

Pseudostichococcus monallantoides (T) SAG 380-1+ (KM020066)

Pseudostichococcus monallantoides VKM Al-438 (OR852642)

Pseudostichococcus monallantoides VKM Al-439 (OR852643)

x|t Pseudostichococcus monallantoides SAG 379-4 (MT078184)

Pseudostichococcus monallantoides SAG 2067 (MT078185)

Pseudostichococcus monallantoides UTEX 2249 (MT078186)

Deuterostichococcus marinus (T) SAG 2139+ (KX094842)
Deuterostichococcus tetrallantoideus M-0019674 (MH670395)
Deuterostichococcus tetrallantoideus ASIB 37 (MH670394)

Deuterostichococcus lewinii SAG 108.80 (MT078163)

Deuterostichococcus lewinii SAG 107.80* (MT078162)

92/87/41 Desmococcus olivaceus SAG 25.92 (MT078157)
56|t Desmococcus olivaceus (T) SAG 1.92¢ (MT078158)
Stichococcus bacillaris (T) SAG 379-2¢ (HE610125)

95/89/L Stichococcus bacillaris SAG 249.80 (MT078156)
Tritostichococcus solitus (T) SAG 2406+ (MT078171)
sy Tritostichococcus corticola ST-2¢ (MT078176)
Tritostichococcus corticolaVKM Al-401 (PZ704326)
Tritostichococcus coniocybes ST-9+ (MT078172)
Tritostichococcus coniocybes ST-7 (MT078173)
Tritostichococcus coniocybes ST-6 (MT078174
Tritostichococcus coniocybes ST-8 (MT078175)
Protostichococcus edaphicus (T) SAG 2481« (MT078161)
Protostichococcus edaphicus KPOOAW1004 (KP081407)
Pseudochlorella pyrenoidosa (T) SAG 18.95¢ (LT560358)

MW023947)

0.03

Puc.6. YKopeHeHHOe (rioreHeTHYeCKOe JIepeBo 3eJIeHBIX BONopocyel Kiadsl Stichococcus, TIOCTPOEHHOe Ha OCHOBE II0CJIe-
JioBaTeJIbHOCTell BHYTpeHHero TpaHckpubOupyemoro creticepa ITS2 (376 H.). B xauecTBe cTaTHCTUYeCKOH NMOAMEPXKU Y3JIOB
Aepesa ykasaHbl 3HaueHus SH-aLRT/BP/PP. 3nauenus SH-aLRT u BP menee 80%, PP menee 0.8 He ykasaHbsl. Mojesb HyKJIeo-
TUAHBIX 3aMeH: TPM2u +F + 1+ G4. O6o3HaueHus: « — ayTeHTHYHble mTaMMmbl; (T) — TUNOBOI BUA, * — MaKkcUMaJibHasA CTaTUCTU-
yeckas nogaepkka. IlosyxupHbM mpru¢TOM BhIAEJIEHHl ucciieayemsble mraMmMel BKM.

TUYHBIM IITaMMOM ST-2, a ypoBeHb reHeTU4eCKUX pas-
Jnynil coctaBuil 3.1% 1 COOTBETCTBOBAJI BHYTPUBUJIO-
BOMY YPOBHIO (MeXBH/IOBbIE JUCTAHIINM BapbUPOBAJIA
B mquana3oHe 25.3-36.9%). XoTs mpu 3TOM, KaK U B
MpeJblayIeM cjiydyae, OTJINYaICsa OT ONMCAHHOIO BUJA
(Proschold and Darienko, 2020) HeCKOJIbKO MEHBIIINMU
pa3Mepamu KJIETOK M OTCYyTCTBUEM MUPEHOUA 110 TaH-
HBIM CBETOBOM MUKPOCKOTIHU.

IMItammbl VKM Al-400, 406 u 407 Gbuiu MOp-
doJiorrvecky CXoXu C 3eJIeHBIMH MHUKPOBOLOPOCIIAMU
poaa Chloroidium (Darienko et al., 2018) (Puc. 2K).
KileTku OOWHOYHBIE, IIMPOKO3JUIMIICOUIHON WU
moutu mapoBugHoi ¢opmbl, 7.8—8.5 X 5.0-6.5
MKM. XJIOPOIJIACT OAWH, NMPHUCTEHHHBIN, WHOTAA CJia-
6osiomacTHOM. IlupeHowp TOJIBIN, CcJIabO3aMeTHBIN.
PasmHox)eHMne 2-4—-8 aBTOCIIOpaMMu.

CorsjlacHO pesyJibTaTaM aHaji3a BHYTpPEHHEro
TpaHckpubupyemoro creticepa ITS2 mrammer VKM
Al-400, VKM Al-406, VKM Al-407 OTHOCHJIUCH K POy
Chloroidium w xJ1acTepuU30BaINCh C AyTEHTUYHBIM
mrammoMm C. saccharophilum SAG 2149 ¢ BBICOKMMU
cratuctudeckumu noaaepxkamu (SH-aLRT — 96%,
BP — 95%, PP — 1.00) (Puc. 7). YpoBeHb reHETUYECKUX
pasnuuuil Mexay AaHHeiMu mrammamu BKM cocra-
B 0-0.5%, mexay Humu u SAG 2149 — ot 0.5% no
0.9%, 49TO COOTBETCTBYEeT BHYTPUBHJOBOMY YPOBHIO.
JIJiss cpaBHEeHHsA TeHeTWYeCKWe JUCTAHIMU MEeXIy
mrammamu C. ellipsoideum u C. pseudoellipsoideum
— 1.9%, C. pseudoellipsoideum u C. lichinum - 3.4%.
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TakuMm oOpa3oM, MBI WAeHTUOUIMPYeM IITaMMBI Kak
C. saccharophilum.

MItamMer VKM Al-399 u VKM Al-404 Ha ocHOBe
MOpPGOJIOTNYeCKUX MPU3HAKOB MEePBOHAYAJIBHO OBLIN
unenTudunpoBaHsl kak Bracteacoccus sp. (Puc. 2E):
OVHOYHBIE KJIETKY MOYTH IAPOBUAHON MJTU MIAPOBUI-
HON (POPMBI ¢ MHOTOYMCJIEHHBIMU XJIOPOILJIACTAMH B
3peJIbIX KJIETKaxX U MPUCTEHHBIM XJIOPOILIACTOM, COCTO-
SIUM U3 OBYX AOJIeii, B MOJIOJBIX KJIeTKax, 6e3 mupe-
Houpa. Jluamerp kitetok mramma VKM Al-404 moctu-
rag 11 mxm, VKM Al-399 — 13 mMxM. Pa3mHoXeHie
2-4-8 aBTOCmOpamMu. 300CHOPOTeHe3 B KyJIbType He
Ha0JTI01aI1.

CoryacHo pe3ysjbrataM aHaamusa [TS2 mramMmel
VKM Al-399 u VKM Al-404 sBjasaiuch HpeacTaBU-
TesAaMu poma Pseudomuriella u kjacTepu30oBaiiCh C
ayTeHTUYHBIM mTaMMoM P. schumacherensis UTEX
2252 ¢ MakCMMaJIbHOUW CTAaTHUCTUYECKOHN MOePX KON
(Puc. 8). T'eHeTmyeckue OUCTAHIMU MeEXAY IITaM-
mamu VKM Al-399 u VKM Al-404 cocraBuym 0.4%,
MeXxay HuMH U mTamMmoMm P. schumacherensis UTEX
2252 — 0-0.4% (BHYTPMBHIOBOI ypOBeHb). IIJid cpas-
HEeHUs MUHUMAJIbHBIE MEXBUJIOBble NUCTAHIUM Ha
IpuMepe IpeJfcTaBuTesieli BuUOoB P. aurantica u P.
engadinensis coctaBiaT 1.6%. Mopdosorusa Hammx
IITAMMOB CXOJHA C onrcaHueM Buaa P. schumacherensis
(Fucikova et al., 2011). TakuMm oGpa3om, Mbl UAEHTHU-
durupyem mrammel VKM Al-399 u VKM Al-404 kax
P. schumacherensis.
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Chloroidium saccharophilum CCAP 211/42 (FM946004)
Chloroidium saccharophilum ISBAL-007 (MH551492)
Chloroidium saccharophilum (T) SAG 2149+ (FM946009)
Chloroidium saccharophilum VKM Al-400 (PX549928)
Chloroidium saccharophilum VKM Al-406 (PX549929)
Chloroidium saccharophilum VKM Al-339 (MT827197)
Chloroidium saccharophilum VKM Al-340 (MT827198)
Chloroidium saccharophilum VKM Al-407 (MT827198)
Chloroidium saccharophilum CCAP 264/2 (MH551493)

99/92/*

96/95/*

99/99/*

94/87/*

95/

83/-10.98

97/82/*
~
/%)

91/94/*

Chloroidium ellipsoideum SAG 3.95¢ (FM946012)
Chloroidium ellipsoideum VKM Al-417 (PX026226)
Chloroidium ellipsoideum VKM Al-416 (PX026225)
Chloroidium ellipsoideum SAG 2111 (FM946017)
38/83/0.97) | Chloroidium ellipsoideum CCAP 211/76 ( MH551500)
Chloroidium pseudoellipsoideum VKM Al-418¢ (PX026227)
Chloroidium lichinum CAUP H1999-1 (MH551514)
Chloroidium lichinum SAG 2294 (MH551509)
Chloroidium lichinum SAG 2293 (MH551510)
Chloroidium lichinum SAG 2115 (FM946019)
Chloroidium lichinum BI1/B-9 (MH551505)
Chloroidium dehydrum Edo5e (LC848589)

Chloroidium satellitum GoA2+ (LC848693)

Chloroidium antarcticum ISBAL-101+ (MH551519)

«1 Chloroidium orientalis VCA-45¢ (Ce2E)(MZ558750)

Chloroidium orientalis VKM Al-532 (PX549931)

Chloroidium orientalis VCA-47 (Chb2) (MZ558752)
Chloroidium engadinense SAG 812/1+ (FM946011)

‘& Chloroidium viscosum SAG 56.87« (MH551495)

Chloroidium viscosum MG-2 (MH551496)

Chloroidium psoromicola PAMC 29142+ (PQ282299)

o) Chloroidium arboriculum MG-1 (MH551520)
94/98/0.99 Chloroidium arboriculum MG-3+ (MH551521)
w|_—_‘: Chloroidium laureanum CAUP H8501¢ (MH551522)
Chloroidium lobatum CAUP H8502¢

Watanabea reniformis (T) SAG 211-9bs (FM958480)

0.1

Puc.7. YkopeHeHHOe DUIOTeHETUYECKOE IepeBO 3eJIeHbIX Bofgopocieil pojga Chloroidium, mocTpoeHHOE Ha OCHOBE MOCJIE-
JoBaTeJIbHOCTel BHYTPeHHero TpaHcKpubupyemoro creticepa ITS2 (296 H.). B xauecTBe cTaTHCTUYeCKOH MOAMEPXKU Y3JIOB
aepeBa ykasaHbl 3HaueHus SH-aLRT/BP/PP. 3nauenus SH-aLRT u BP menee 80%, PP menee 0.8 He ykasaHbsl. Mojesp HyKJieo-
tuaHeix 3ameH: TIM2 +F + 1+ G4. O6o3HaueHus: * — ayTeHTHU4Hble mtamMmel; (T) — TunoBo# BuA, * — MakcuMaJsbHas CTaTUCTU-
yeckasa nogaepxka. IlomyxupHbM mpru¢TOM BEIAEJIEHHl ucciegyemsble mraMmMmel BKM.

ItamMm VKM Al-567 MOpdoJIOruuecKu CXox C
npejctaButesiamMu poaa Coelastrella (Puc. 2XK) u xapak-
TEPU30BAJICA CJIEYIOMNMU MPU3HAKaMU: KJIETKU OfU-
HOYHbIE, MOYTH IIAPOBUHBIE WJIN IIPOKOOBAJIBHBIE,
WHOT/A C MOJIIPHBIMU yTosmeHusmu, 8.4-11.5(17) X
7.3-10 MKM; XJIOpOILJIACT IPUCTEHHHIN, pasfeseH Ha
IUTaCTUHYAThIE CErMEHTHI; €IMHCTBEHHBI MHPEHOUJ
OKpyXeH KpaxMaJIbHON OO0BepTKOMH. 3amacHble Mpo-
AYKTHl — Kamwyd Macja. Becnosioe pasMHoOXxeHHe 2-8
aBToOcCIopaMu. 300CIOPHl He HaOJII0AaJINCh.

VKM Al-567 Boriesn B coctaB poaa Coelastrella
(Puc. 8) u otHOcwiIcA Kk BuAy C. affinis, MOCKOJIbKY KJia-
CTEepU30BaJICSI C ayTeHTUYHBIM IITAMMOM 3TOTO BHUIA
VKM Al-356 (SH-aLRT — 98%, BP — 100%, PP — 1.00)
U reHeTUYecKas AUCTAHIUSA ¢ HAM COCTaBJIsJIa BCETO
0.8%. ITpu aToM B pamkax poja Coelastrella MuHNMAaIIb-
HBIF MeXBUJIOBOI mopor Mexay Bumamu C. multistriata
u C. corcontica 1o JaHHOMY Mapkepy ObL1 paBeH 2%.
Mopdosioruss VKM Al-567 B 11eJIoM COOTBETCTBYET
onucanuio Buma C. affinis (Krivina et al., 2024), mos-
TOMY IITAaMM OTHECEH HaMH K JaHHOMY BU]TY.

3.3. Xapo¢duToBblie BOAOPOCAH

XapoduToBble MHKPOBOAOPOCTIX ObUIM Tpef-
cTaBjieHbl Haubojiee YacTO BCTpevyalIlUMCA POAOM
Klebsormidium. B xysnabTypax HaGJoAand IJIAHHBIE,
NpsAMBIe WJIN CJIeTKa N30THyThle HUTH MIMPUHOU 7.2—15
MKM y mtamMmmoB VKM Al-398, 409, 410, u 6-9 MkMm
y VKM Al-402, 403 u 405. KjieTku cojiepxaayd OquH
MIPUCTEHHBIN XJIOPOILIACT C HHPEHOWIOM, OKpYXeH-
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HBIM KpaxmaJibHOM 06BepTkoii. IlItamm VKM Al-410
MpU CTapeHWU KyJbTYyPhl XapaKTepU30BaJICA 3HAYM-
TEJIbHBIM YTOJII[eHNEeM KJIETOYHBIX CTEHOK 1 HaJIMYUEM
H-o6pa3HbIx pparMeHTOB.

Jma upeHTUGUKAIIMU TIpEJCTaBUTENIEH pofa
Klebsormidium (mopsgmoxk Klebsormidiales, xJtacc
Klebsormidiophyceae, ormen Charophyta) wucmosib3o-
BaJTN TUTACTUHBIN TeH rbcl.. Takoii BEIGOp 06yCI0BIEH
TeM, 4TO JIJIA IpeAcTaBUTesIell JaHHOTO pofa He TOJIbKO
reH 18S pPHK, HO u BHyTpeHHUe TpaHCKpUOHpyeMble
crericepel ITS1 m ITS2 sABaAOTCA BBICOKO KOHCEpBa-
TUBHBIMY, [IO3TOMY HX KCIIOJIb30BaHUE He I103BOJIAET
YeTKO Pa3rpaHUYUTh BUIBI, OCOOEHHO BHYTPU KJIAI(bI
E (Rindi et al., 2011; Mikhailyuk et al., 2015; Samolov
et al., 2019). ITo gauueM rbcl-aHanusa mrammbel VKM
Al-398, VKM Al-409, VKM Al-410 BmecTe CO IITaAMMOM
K10 xsacTepu3oBauch ¢ ayTEHTUYHBIM ImITaMMoM K.
mirabile VKM Al-436 (SH-aLRT - 99%, BP — 100%,
PP - 1.00) B pamkax kjansl E B cooTBeTCTBUM C KJac-
cudukarmeii, npemyioxeHHoi Rindi c¢ coart. (2011)
(Puc. 9). l'eHeTuYeckue pazjnuusa MexXIy HITaMMaMU
VKM Al-398, VKM Al-409, VKM Al-410 otcyTcTBO-
BaJI, a MEXIy 3TOUN TPYNION MITaMMOB U ayTEeHTUY-
HbeIM mtamMMmoM K. mirabile VKM Al-436 cocraBisamu
0.9-1%. 14 uHTepnpeTaliu MOPOroB reHeTUYeCKUX
JVCTAHIMA OPUEHTHUPOBAJIUCh HA MUHUMAJIbHBIA
MeXBUIOBOI mopor 2% is reHa rbcl B kimamax F u
G, rae paHee ObLUIa IpoBefeHa IMOAPOOHAs TaKCOHO-
muveckas pesusus (Mikhailyuk et al., 2015; Samolov
et al., 2019). Tak, reHeTHUYeCKHe PACCTOSHUA MEXAY
Bugamu K. mucosum u K. crenulatum coctasisuin 2%,



PedbkuHa B.B. u dp. / Limnology and Freshwater Biology 2026 (4): 437-469

Bodopocnu: ﬂpOﬁﬂeMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

97/%

87/93+ |
83/91/0,95

98/87/0.97]

Co

[ %

84/96/%

Coelastrella
Co

by
2l

91/88/0.96|

86/91,

goelastrella rubescens CCA
C

Graesiella emersonii CCAP
Coelastrella aeroterrestrica VKM

Coelastrella aeroterrestrica VKM Al-72 (MT896386

Coelastrella aeroterrestrica VKM Al-69 (PX549901)
Coelastrella aeroterrestrica
-19300.99 Coelastrella aeroterrestrica
Coelastrella aeroterrestrica SWK 1

Coelastrella multistriata CCALA 3 80
Coelastrella multistriata VKM Al-244 (MT896386
Coelastrella multistriata VKM Al-52 (MG52330
Coelastrella multistriata VKM Al-350 (MZ920144
Coelastrella multistriata VKM Al-355 (MZ920145
Coelastrella multistriata VKM Al-53 MG696586§
Coelastrella multistriata VKM Al-36 )
Coelastrella corcontica CC
ingshanensis FACHB-2311 (MH176129
astrella polaris VKM Al-489
Coelastrella polaris VKM Al- PO565567
5| Coelastrella polaris VKM Al- )

Coelastrella polaris VKM Al-
Coelastrella polaris VKM

88/93/0.9#

‘Enallax costatus’SAG 46.88 (MK975489)
Coelastrella terrestris IRK-A 173 (MK504637
Coelastrella terrestris KZ-5-4-9 (7MK201748)

“1 Coelastrella terrestris CCALA 476 (JX513882)

1+ Coelastrella affinis VKM Al-567 (Pé617464

Coelastrella éilff/iﬂis VKM Al-356¢ MZ93037)4

«4 Coelastrella oocystiformis SAG 277-1+ (1X513887

Coelastrella oocystiformis FACHB-2312 (MH176131)

Coelastrella oocysiiformis VKM Al-456 (PX048461)

A 475+ (JX513884)

oelastrella rubescens FACHB-2296 (MH176119)

oelastrella rubescens FACHB-2295 KP7'02303B—I

Coelastrella rubescens var. oocystiformis FACHB-2297a+ (MH176120)

Coelastrella ferroedaphica SYKOA Ch-072-17+ (MK450459)

11/55 SFR865674

Al-39 gMTS 6387

VRRrAITY (0000)

2+ (JX51387
[ (MK478814

trella aeroterrestrica Ru-1-8 )&MH70375 )
striolata (T) SAG 16.95¢ 9 513881
09+ (JX513

OM
-73

Coelastrella sp. SYKOA Ch-047-1
Coelgs
elastre?/il

6)g

MZ73663
ALA 308¢ (JX513886)
PQ56556
488
4

9 b
Coelastrella thermophila var. globulina FACHB-2308 (M
Coelastrella therm]\ol%hila varKgl{obulina FACHB-2309 (MH1761
Coelastrella sp, KNUAQ37 (KT883911

MH176127)

H176128

1
25))

Coelastrella thermophila FACHB-2303 (MH176117
Coelastrella thermophila FACHB-2304 (MH176118
'"Pseudospongiococcum lprotococcoides' T) CALU 221+ (MZ126559)
Coelastrella thermophila FACHB-2302 N H176116)
(

Coelastrella thermophila FACHB-230
Coelastrella thermophila VKM Al-523 ( X5499O4?4)
Coelastrella thermophila VKM Al-524 ( X5499052)g
Coelastrella thermophila FACHB-2298 (KP70230
Coelastrella thermophila FACHB-2301 (MH17611

N “Coelastrella thermophila var. astaxanthina Ki-4* (AB762691)

Coelastrella thermoghila FACHB-2306 (MH176130)

Coelastrella sp. SAG 2123 (JX513883)

Coelastrella thermophila FACHB-2300¢ (MH1761
Coelastrella thermophila FACHB-2299 (MH17611 3;
«ip Coelastrella saipanensis FACHB-2138+ (MF383401)

™

1 Coelastrella Salganensis FACHB-2294 (KP702304)
Coelastrella chonggingensis FACHB-3315« (MW718822)
Coelastrella cogersae DSM-2018+ (MH311539)

Coelastrella cogersae VKM Al-504 (PV199121)

Coelastrella laevis VKM Al-504

Coelastrella tenuitheca
Coelastrella tenuitheca
gelastrella tenuitheca

99/*/*'

86/99/0.99)
==
93/97/*

Coelastrella vacuolata CCAP 211/8 l2FR8656
Graesiella emersonii CCAP 211/11N (M 5417943

=13 Pseudomuriella aurantiaca (T) SAG 24
/<11 Pseudomuriella aurantiaca Ru-6-13 (M
Pseudomuriella engadinensis SAG 221-4

-9

93/87/0, ¢ ! ;
88/91/0.96 ———7 Pseudomuriella engadinensis UTEX 57

B> @

Pseudomuriella cubensis KF2
Pseudomuriella schumacherensis.

i
Pseudomuriella schumacherensis SAG 21

H7

Pseudomuriella schumacherensis VKM Al-39
Pseudomuriella schumacherensis VKM Al-404(PZ617463)

gPV081916)
76123

'Asterarcys quadricellulare’ FACHB-2316 (MH 3
g]MH 176121)
(PP937762)

(MH176122)

FACHB-2313
VKM Al-484
FACHB-2314

Coelastrella vacuolata SAG 211-8b (HGS1 g
Coelastrella vacuolata CCAP 211/8P (}l{:R8656 7)
Graesiella emersonii CCAP 211/15 (FR86566 lgS)

770.98)

1= (HQ292733
o327
MO020059)

@?292729)

5
52') H

el
(584>

37 (H
0.03

Puc.8. YkopeHeHHOe (ruioreHeTH4ecKOe IepeBO 3eJIeHBIX Bojmopociiell pofoB Coelastrella n Pseudomuriella, mocTpoeHHOe

Ha OCHOBe IocJiefjoBaTesibHOCTel pparmenTta ITS2 (367 H.).
Mogpesnp HykeoTuaHbIX 3aMeH: TIM2 + [+ G4. OCo3HaueHus:

3nauenus SH-aLRT u BP menee 80%, PP meHee 0.8 He ykasaHBbL.
* — ayreHTHYHBIe ITaMMbI; (T) — TUIIOBOY BUJ, * — MakCcUMaJIbHAs

crarucruyeckas nogaepxka. [TomyxupHsM mpudTOM BblJieJIeHbl Ucciefyemble mTaMMbl BKM.

K. karooense u K. africanum — 2.2%. Xotesiochk G5 OTMe-
TUTh, YTO COOGCTBEHHO B Kjajie E, ube MCTUHHOE BUJIO-
Boe OOraTCTBO MO-TIpeXHEMYy HYyXOaeTcs B YTOYHe-
HUHW, MUHUMaJIbHbIe MEXBUOBBIE AUCTAHIUU MEXIY
ayTeHTUYHBIMU mTaMMamu K. nitens SAG 13.91 u K.
dissectum SAG 2417 coctasJstot juiib 0.7%. Ha ocHo-
BaHuu aHanmuza rbcl, Kaplan ¢ coaBT. (2012) paxe
BBICKA3aJI TPEIOJIOKEeHNEe, YTO HAa CaMOM Jiejie 3TO
onuH Bug. OgHako Mikhailyuk et al. (2015), ucrmos3ys
mosiidasHblil TOAXO0/, BCe-TaKU OTHEC/IM MX K PasHBIM
BugaM. TeM He MeHee, YUIMTHIBasA MOPGOJIOTHIO, KOTO-
pas cooTBeTcTByeT ommcanuio Buma (Tukhtaboeva et
al., 2025), TomoJIoTHI0 AepeBa U MOPOTH AUCTAHIUH B
KJIaJiaxX, TJle TAKCOHOMUYECKUIT CTaTyC BUJOB He BBI3BI-

BaeT COMHEHMI, Ha JAHHOM dTalle MCCJIeJOBAaHUA MBI
otHocuMm mtamMMmbel VKM Al-398, VKM Al-409, VKM
Al-410 k Buny K. mirabile.

MItammbr VKM Al-402, VKM Al-403, VKM Al-405
6e3 coMHeHUs OTHOCHIIUCH K BUAY K. flaccidum. Vix mop-
dosiorua cooTBeTcTBYeT omucaHuio Buma (Lokhorst,
1996) (Puc. 2JI). Oumu BomuiM B cocTaB kjansl B/C
(Puc. 9) u xy1acTepU30BaJINCh C AYTEHTUYHBIM IITaAM-
MmoM >Toro Buga SAG 2307 BBICOKUMH CTaTHCTHYE-
ckumvu noanepxkamu (SH-aLRT — 83%, BP — 97%, PP
— 1.00). IIpu 5TOM reHeTUYECKHE AMCTAHIUN MEXIY
JIAaHHBIMM IITaMMaMU U ayTeHTUYHBIM mTaMmMoM SAG
2307 coctapisanu 0-0.2%.
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Puc.9. YkopeHeHHOe QUIIOTeHETUYECKOE IepeBO XapodUTOBBIX BogopocJieil poja Klebsormidium, mocTpoeHHOe Ha OCHOBE
mocJiefoBaresibHOCTel reHa rbcl. (1217 H.). B kauecTBe CTaTUCTUYECKOM MOAIEPKKH Y3JIOB [iepeBa yKa3aHsl 3HaueHus SH-aLRT/
BP/PP. 3nauenusa SH-aLRT u BP menee 80%, PP menee 0.8 He ykazaubl. Mopesb HykjgeoTUAHbIX 3aMeH: TPM2+F + G4.
O6o3HaueHus: * — ayTeHTU4YHble mTaMmsbl; (T) — TUIIOBOH Buf, *

mprudTOM BHIEJIEHH HccyieqyeMble mramMel BKM.

[TosiyyeHHBIEe JaHHBIE O BUAOBOM cocTaBe (HOTo-
TpodHBIX OHOIJIEHOK WMMEIOT BaXXHOe IpaKTHuyeckoe
3HaueHMe [Ji pa3pabOTKU TapreTHHIX METOJ0B OHO-
3alfUTHl CTPOUTEJIBHBIX MaTepuajioB. Kak moKa3bl-
BalOT COBpPeMeHHBIEe MCCJIe[loBaHUsA, Ouomerpamanua
He CBOAUTCA JIUIIb K MeXaHU4YeCKOMY pa3pylleHuro, a
npeacTaBjsAeT COOOM ABYX3TaIMHBIN Ipollecc: OBICTPYIO
KUCJIOTHYI0 [erpajanui0 MUHepaJbHOU MAaTpUIBl C
MOCJIeAYVIONMM XPOHMYECKUM TOBpeXIaeHHeM, OIIo-
CcpeOBaHHBIM yCTOMYMBOCThIO GuorteHku (Nowicka-
Krawczyk et al., 2026). 3HaHIe KOHKPETHOTO BHUOBOTO
CcoCTaBa MO3BOJIAET MPOTHO3UPOBATh MEXaHU3M KOPPO-
3UU M BBIOMPATH aJIeKBaTHBIE METO/IbI 3aIIUTHL

C TOukKM 3peHusa OMOKOPPO3UH, N30JIMPOBaHHBIE
HaMU IITaMMBI 00J1aJal0T Pa3HbBIM IMOTEHIMAJIOM arpec-
cuBHocTU. HanboJsiee arpecCUBHBIM TaKCOHOM SIBJIAETCA
Chloroidium saccharophilum (B HaileM wuccJeJOBaHUMN
obHapyxeH Ha 6eToHe u MeTasie). COrJlacHO TaHHBIM
MeTabO0JIOMHBIX 1 MHUKPOCKOIIMUYECKUX HCCJIeJOBaHUIM,
3TOT BUJ o0JiafjaeT TOJICTHIMM KJIETOUYHBIMU CTE€HKaMU
U CIIOCOOHOCTHI0 K MHTEHCUBHOMY CUHTE3y HU3KOMOJIe-
KYJIAPHBIX OpPraHUYeCKUX KUCJIOT (IIjaBejieBou, JINMOH-
HOM, YKCYCHOI). DTH KUCJIOTHI 3aITyCKAI0T MeXaHNU3MbI
XeJlaTUPOBaHUA MOHOB METa/IJIOB M KHUCJIOTHOTO pac-
TBOpeHUsA MuHepasibHoI MaTtpuilsl (Nowicka-Krawcezyk
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— MakcuMaJjbHasA cTaTHUCTHYecKas noajaepxka. IToryXupHbeM

et al., 2026). Kpome ToOro, mpy eCTECTBEHHOM OTCJIO-
eHuu 3pestod 6uorteHku C. saccharophilum cnocoGeH
(U3MUECKH OTPHIBATh MUHEpAJIbHBIE 3€pHA C TOBEPX-
HOCTU cyGcTpara, Bhi3biBass HeoOpaTuMbie pusndecKre
nospexenus (Nowicka-Krawczyk et al., 2025).

B TO e Bpems, JOMUHUPYIOI[ME B HAMIUX 06pas-
nax xapodurtoBble Bomopociu poaa Klebsormidium
(o6HapyxeHb Ha OeTOHe, IITyKaTypke U MeTaJlle)
JIEMOHCTPUPYIOT UHYI0 CTpareruoo. WX xumuye-
CKasg arpeccUBHOCTh OII€HUBAeTCS KaK yMepeHHas
(Nowicka-Krawczyk et al., 2026), onHako oHu o6Jia-
JAlT BBICOKOM MeTabOJIMYeCKOH IJIACTUYHOCTBIO U
cTpeccoycroiiunBocThio (Holzinger and Pichrtova,
2016). Klebsormidium wurpaioT KJIIOYEBYI0 POJIb B CTa-
Owinsarnuy GUOIIEHKUA: OHM aKTHUBHO CHUHTE3UPYIOT
BHEKJIETOYHEIE TTOJIMMEpHBIE BellleCTBa, KOTOPhIE yAep-
XUBAIOT BJIary Ha MOBEPXHOCTH MaTepuasia, cO3[aBas
JIOKAJIbHBIM MUKPOKJIMMAT. DTO MPUBOAUT K (usmye-
CKOMY BBIBETpHBaHUIO (I[UKJIBI 3aMep3aHUS-OTTauBa-
HUs, HabyxaHue) U NOqJepKHUBaeT TOCTOSHHYIO BJIaX-
HOCTh, HEOOXOAUMYIO IJI1 KOPPO3HMOHHBIX MPOIECCOB
(Nowicka-Krawczyk et al., 2022; Nowicka-Krawczyk et
al., 2025).

Cpenu 1naHoOakTepuil BEICOKYH0 KOPPO3MOHHYIO
aKTUBHOCTb MPOSBJIAIOT HUTYAThie (POPMBI CO CJTU3U-
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CTHIMHM dYeXJlaMM, Takue Kak Microcoleus autumnalis,
Phormidesmis priestleyi, Bumbt poja Leptolyngbya,
oOHapyXeHHBIe HA OETOHHBIX U METAJUIMYECKUX KOH-
CTPYKIMAX. Haimyue CIM3KUCTBIX YEXJIOB U CHOCO0-
HOCTb CHHTE3UpOBaTh YD-3KpaHUPYOUIHE MUTMEHTHI
(HampuMep, CIIUTOHEMUH) MO3BOJISIOT UM BBDKHBATH B
SKCTpeMaJIbHBIX YCJIOBUAX TOPOJACKOU Cpelbl, MPOIoJI-
’Xasg MPOHUKATh B CyOCTpaT U BBHIAEJIATH MeTabOJIUTHI,
paspymatomue matepuai (Kala and Pandey, 2021;
Keshari et al., 2021). O6UIBHBINA CIU3UCTHIN MATPUKC
He TOJIbKO (QU3NYECKH yIepKUBaeT BJary, HO W IMOJ-
roTaBJiBaeT cybCcTpar Ui MOCeOyomeld CyKIeccuu
reTepoTpo@HBIX MUKPOOPraHu3MoB (rpuboB u OakTe-
puii), obiagaomux emle 60Jjiee BHICOKUM JECTPYKTUB-
HbeIM noteHnuasioMm (Nowicka-Krawezyk et al., 2022).
Oco0bIll UHTEpEC TPEACTABJISET BIIEPBHIE BBHIABJIEHHOE
Hamu npucyTtcTBue Cymatolege sp. Ha aHTPOIOT€HHBIX
cybcTpaTrax. BbpicOkas 3KOJIOTMYECKas IJIACTUYHOCTh
3TOr0 poja, paHee U3BECTHOrO MPEUMYIIECTBEHHO IO
MPUPOAHBIM GUOTONAM, CBHUETEIbCTBYET O €r0 MOTEH-
UaJIbHOM CIIOCOOHOCTH K aKTUBHOM KOJIOHM3AIlUU U
BO3MOXXHOM YYaCTUM B Tpolleccax OMOMOBpeXIeHUA,
yTO TpebyeT JaJbHENIINX UCCJIEJOBAHMUI €0 JeCTPYK-
THUBHOI'O IIOTEHIIMAJIA.

4. BoiBOADI

B HazeMHBIX OMOIUJIEHKaX Ha HCKYCCTBEHHBIX
cyOcTparax B ycJI0BUsAX I. [TymKHO BbIsABIEHO 19 mtam-
MOB $OTOTPOPHBIX MUKPOOPTraHU3MOB, BKJIIOYAIONIINX 5
mITaMMOB I[MaHoGakTepuii (mopsaaku Leptolyngbyales,
Nodosilineales u Oscillatoriales) u 14 mrammoB 3yka-
puoTUYecknux MuUKpoBogopocyei (oraessl Chlorophyta
u Charophyta). JJoMuHUpYyIOlllee [OJIOXKeHUe Cpenu
HUX 3aHUMAIOT MpejcTaButesin poAoB Klebsormidium
(Charophyta) u Chloroidium (Chlorophyta).

IMogTBepxaeHa cyOcTpaTtHas cHenuGUIHOCTh
doToTpodoB: HanuboJIbIIee TAKCOHOMUYECKOE PA3HOO-
6pasue (noutu 60% ot obIero KoJMYecTBa HUCCIeo-
BAHHBIX TAKCOHOB) IPUYPOYEHO K TAKOMY IOPUCTOMY
U BJIaroeMKOMYy MaTepuajly Kak 6eToH. UyTh GoJible
40% TakcOHOB OOHapyXXeHO Ha MeTaJUIMYecKuxX
noBepxHocTAx. Oba Tuma cyO0CcTpaToB HacesAlT Lua-
HOOakTepuu, 3eJieHble MUKpoBogopocau Chloroidium
saccharophilum w Pseudomuriella schumacherensis, a
Takxe xapodurossie Bogopociiu poaa Klebsormidium. C
OCTaJIBHBIX CyOCTpaToB (JiepeBo, MITYKATypKa, leMeHT-
HO-IecYaHasi CMech) H30JIMPOBAHO IO OJHOMY BUAY
MUKPOBOLOPOCJIE.

Ha ocHoBaHuu KoMILlekca MOpPGOIOrmYecKux
MIPU3HAKOB, TOIMOJIOTHU (PUIIOreHeTUYeCKUX [lepeBbEB
U TeHeTUYeCcKUX QUCTAHIMI ABa mramMma Leptolyngbya
sp. VKM Al-382 u Cymatolege sp. VKM Al-383 onpepne-
JIeHBl KaK KaHAUZAThl B HOBBIE JJIA HAYKU BU[BI, YTO
TpebyeT ux JaJibHelero nogpooHoro N3yyeHus.

BrepBrle 1npencraButesnb poma Cymatolege,
M3BECTHOIO0 paHee KaK acCCOIUHUPOBAHHBIA CUMOHUOHT
MOPCKUX I'yOOK, 06HapyeH B cy63paibHOM Ha3eMHOM
61oTOIe Ha aHTPOINOTreHHOM 6eTOHHOM cyOcTpare. OTO
CyIleCTBEHHO pacIIupsieT MU3BECTHBIN 3KOJIOIMYeCcKU
JUanasoH U NpeicTaBJIeHus O IUIACTUYHOCTU TaHHOM
rpYMIB I[HaHOOaKTepUii.
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JenoHupoBaHue BceX HM3Y4YeHHBIX IITAMMOB BO
Bcepoccuiickyio KOJUIEKIII0O MHKPOOPTraHu3MoB obe-
CIleyrBaeT OOCTYNHOCTh OMOJIOTMYECKOTO MaTtepHaia
IUTA TocJleaytomux GyHAaMeHTaIbHbIX U IMPUKJIAHBIX
ncceOBaHUM B 06J1acTy GMOKOPPO3UN 1 61103aIIUThI
CTPOUTEJIbHBIX MaTepHUaJIOB.
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