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Abstract. During the study of algal diversity in pyroclastic deposits of the Kamchatka Peninsula, Chlorella-like green algae
strains VCA-72 and VCA-93 were isolated from samples collected from along the Baydarnaya river bed on the Shiveluch
volcano in 2018 and at the outlet of thermal vapors along the edge of the caldera on the southern slope of the Gorely
volcano in 2020. Identification of the strains was carried out within the framework of an integrative approach using
microscopic and molecular genetic methods, including preliminary taxon identification, obtaining nucleotide sequen-
ces of the small subunit and the internal transcribed spacer rRNA, reconstruction of phylogenetic trees and secondary
structures of the ITS1 and ITS2 rRNA regions. On the phylogenetic tree, strain VCA-93 was clustered in the Micractinium
thermotolerans species clade. No differences were found when comparing the helical domain models of ITS1 and ITS2 in
M. thermotolerans. Strain VCA-72 occupied a basal position in the M. inermum clade. The secondary structure patterns of
the helices of strain VCA-72 were generally similar to those of M. inermum, but intraspecific variability was noted, mainly
due to substitutions in the apical and lateral loops. Five hCBC substitutions were found in the helical regions of the
studied M. inermum strains, while no CBC substitutions were found. A detailed analysis of morphology and life cycle al-
lowed us to identify the characteristics of the cells in aging cultures: their size was significantly higher than in vegetative
ones and they were pear-shaped, oval, and ellipsoidal with a shallow, wide constriction in the center. In addition, cells
with colorless lipid droplets were detected in aging cultures of both species. The ability to synthesize and accumulate
lipids indicates the great potential of the strains for the production of biodiesel fuel. A review of the habitats of previous
and new findings allowed us to note the ecological plasticity of the studied species. The results obtained complement
the information on the biogeography of the species: this is the first record of M. inermum for the territory of Russia, and
that of M. thermotolerans, for the Kamchatka Peninsula.

Key words: microalgae; floristic findings; integrative approach; morphology; phylogeny; secondary structure of ITS rRNA.

For citation: Sushchenko R.Z., Nikulin V.Yu., Bagmet V.B., Nikulin A.Yu. Molecular genetic and morphological characte-
ristics of Micractinium thermotolerans and M. inermum (Trebouxiophyceae, Chlorophyta) from pyroclastic deposits of the
Kamchatka Peninsula (Russia). Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2024;28(7):
706-715. DOI 10.18699/vjgb-24-79

Funding. The research was carried out within the state assignment of Ministry of Science and Higher Education of the
Russian Federation (theme No. 124012400285-7).

Acknowledgements. The authors are very thankful to colleagues from the Federal Scientific Center of the East Asia
Terrestrial Biodiversity FEB RAS, Vladivostok: to S.Yu. Grishin for providing samples from the Shiveluch volcano and to
A.A. Goncharov for valuable discussions during the preparation of the manuscript.

MoneKyIsIpHO-TeHeTuecKass 1 Mmopdosiornyeckas
XapakTepucTtuka Micractinium thermotolerans n M. inermum
(Trebouxiophyceae, Chlorophyta) n3 nupoxkiacTnueckmx
OT/I0KeHuU rmosyocTpoBa KamuaTtka (Poccus)

P.3. Cymenxko @, B.IO. Hukyaun (%), B.B. barmer (1), A.JO. Hukyanx

MepepanbHbI HayYHbIN LEHTP 6ropa3HOO6pa3usA HaseMHol 61oTbl BocTouHoi A3vn [lanbHEBOCTOYHOTO OTAENEeHVA PoCCUiicKo akagemum Hayk,

BnagusocTtok, Poccus
allaguvatova@yandex.ru

© Sushchenko R.Z., Nikulin V.Yu., Bagmet V.B., Nikulin A.Yu., 2024
This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0002-6850-6767
https://orcid.org/0000-0002-6643-4325
https://orcid.org/0000-0002-1193-7689
https://orcid.org/0000-0001-6113-2136
https://orcid.org/0000-0002-6850-6767
https://orcid.org/0000-0002-6643-4325
https://orcid.org/0000-0002-1193-7689
https://orcid.org/0000-0001-6113-2136

P.3. CyweHko, B.1O. Hukynun
B.b. barmer, A.t0. HukynuH

XapakTepuctuka Micractinium thermotolerans
n M. inermum c nonyoctpoBa KamuaTka

AHHoTaumA. B xofe nccnefoBaHuna pasHoobpasua BOJOPOCEN NMUPOKNACTUYECKMX OTNIOKEHUI BynKaHoB LLnsenyy n
Topenbliii (nonyoctpos Kamuatka) 6bi1m BoigeneHsl Chlorella-nopo6Hble Wwitammbl 3enieHbix Bogopocnein VCA-72 n VCA-93
13 nNpob, oTob6paHHbIX BAONb pycna p. baigapHas Ha BynkaHe LUuBenyy v Ha Bbixofe TepMasibHbIX MAapoB MO Kpato
Karnbfepbl Ha XHOM CK/oHe BynkaHa lfopenbiin B8 2018 1 2020 rr. cOOTBETCTBEHHO. ViaeHTdMKaLma WTaMmoB BbINon-
HANaCb B paMKax KOMMIEKCHOro NOAX0Aa MUKPOCKOMNYECKUMI U MONEKYNIAPHO-TeHeTUYeCKMN MeToAaMU, BKIoYato-
WMMKN NpefBapuTeNbHyi0 NAEHTUOMKaLMIo, NONyYeHne HYKNeoTUAHbIX NociefoBaTelbHOCTEN Manon cybbeanHULbI 1
BHYTPEHHero TpaHckpubupyemoro crericepa pPHK, noctpoeHne ¢punoreHeTMYeCKMX AepeBbeB U BTOPUYHbIX CTPYKTYP
yuyacTtkoB ITST un ITS2 pPHK. Ha ¢unoreHetnueckom gpese wramm VCA-93 knacteprsoBanca B BugoBon knage Micra-
ctinium thermotolerans. Mpwn cpaBHeHUN Mofenel cnupanbHbix gomeHos ITST n ITS2 y M. thermotolerans pa3nuumnin He
BbifABneHo. Litamm VCA-72 3aH1man 6a3anbHoe nonoxeHue B Knage M. inermum. Mogenu BTOPUYHOW CTPYKTYpPbl Chu-
paneii wtamma VCA-72 B Leniom 6b1n1 CXOAHbI C Mogenammn ana M. inermum, ofHako oTMeuYeHa BHYTPMBMAOBasA Bapma-
6enbHOCTb, 06yCI0BNIeHHasA B OCHOBHOM 3aMeHaMW B BepPXYLUEeYHbIX 1 6OKOBbIX NeTnaAx. B cnupanbHbiX yyacTkax nccne-
ZyembIx WTammoB M. inermum obHapy»eHo naTb 3ameH hCBC, Torga Kak 3ameH CBC 06Hapy»eHo He 6bino. [leTanbHbii
aHann3 MopPoNOrnn 1 XM3HEHHOTO LKA NO3BONUI BbIABUTb B CTapEIOLMX KYNbTypax KNeTKu, KoTopblie Mo pasmepy
3HAUNUTENbHO MPEBBILAOT BEFETATVBHBIE Y UMEIOT FPYLUEBUHYIO, OBaNbHYO U SAIMMACOUAHYI0 GOPMbI C HEry6OoKIM
LUMPOKUM CY>KEHMEM B LieHTpe. TakxkKe B CTapetoLwyx KysibTypax 060Mx BUOOB Oblnv BbIABEHbI KNETKM C 6eCLBETHbIMM
ANAMAHBIMK Kanaamu. CnocobHOCTb CMHTE3UPOBATb 1 HaKanaMBaThb MMMMAbI FOBOPUT O 60/bLLOM NOTeHUMane WraMmoB
Ana npousBopacTea buogusenbHoro Tonnvea. O63op MecToobuTaHWin NpeabIAYLWMX U HOBbIX HAXOAOK MO3BONAET cAe-
naTtb BbIBOA 06 3KONOrMYeCKon NNacTUYHOCTY nccneayemMblx BUAOB. MonyyeHHble pe3ynbTaTbl AOMOMHAT CBeAeHUA O
6uoreorpadum BupoBs: M. inermum obHapy»eH BriepBble Ha TeppuTopun Poccun, a M. thermotolerans — Ha nonyocTtpose
Kamuatka.

KnioueBble cfioBa: MUKPOBOAOPOCNY; GIIOPUCTUYECKE HAXOLKM; KOMMAEKCHbIN noaxod; mopdonorus; dunoreHus;
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BTOpMYHan cTpyKkTypa ITS pPHK.

Introduction

Micractinium Fresenius (Trebouxiophyceae, Chlorophyta)
is a genus comprising Chlorella-like green algae, including
symbiotic (M. conductrix (Brandt) Proschold et Darienko,
M. tetrahymenae Proschold, Pitsch et Darienko) and free-
living organisms. The genus currently comprises 24 species
(Guiry M.D., Guiry G.M., 2024). M. pusillum Fresenius is the
type species. It is characterized by a coccoid organization and
the formation of colonies of 2—4 cells and bristles (Fresenius,
1858). It was assumed that the ability to form colonies and
the presence of bristles are distinctive features of this species
(Komarek, Fott, 1983). However, it was shown that these traits
only appeared as a protective mechanism in response to co-
cultivation with the rotifer Brachionus calyciflorus Pallas; in
the absence of algophages, the features did not appear (Luo et
al., 2005, 2006). In addition, the presence of zooplankton did
not always result in the formation of bristles and colonies in
Micractinium species (Proschold et al., 2011). For example,
M. conductrix, M. inermum Hoshina et Fujiwara and other
species of the genus do not have bristles and are morphologi-
cally similar to algae of the genus Chlorella (Proschold et al.,
2011; Hoshina, Fujiwara, 2013; Hong et al., 2015).

Homoplastic characters leading to similarities between
the genera Chlorella and Micractinium make it difficult to
identify taxa using only morphological data. The use of
an integrative approach, combining traditional microscopy
methods and molecular phylogenetic analysis, allows to dis-
tinguish not only taxa poor in diagnostic characters, but also
cryptic species (Komarek et al., 2014; Darienko, Proschold,
2019).

Members of the genus Micractinium are well-known objects
of biotechnology research. F. Quintas-Nunes et al. (2023)
showed the growth-stimulating effect of exudates of Micra-
ctinium sp. NFX-FRZ on tomato plants. This could be due to
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phytohormones synthesized by the algae. M. inermum F014
was found to be able to treat radioactive wastewater (Kim et
al., 2019). L. Bouarab et al. (2004) found that M. pusillum
can grow well under mixotrophic conditions. It may provide
opportunities for the industrial cultivation of microalgae and
achieve high culture densities. Some studies have confirmed
the suitability of Micractinium sp. for biofuel production
(Abou-Shanab et al., 2014; Onay et al., 2014).

During the study on algal diversity of pyroclastic depo-
sits of the Kamchatka Peninsula, Chlorella-like strains of
green algae, previously identified as species of the genus
Micractinium, were isolated. The aim of this study was spe-
cies identification of Micractinium representatives using an
integrative approach.

Materials and methods
Sampling, isolation and cultivation of algal strains. The
materials for this study were Chlorella-like clonal cultures
of green algae VCA-72 and VCA-93. Strain VCA-72 was
isolated from a sample of pyroclastic deposits collected in
2018 along the Baydarnaya river bed on the Shiveluch volcano
(56°33.98'N, 161°8.41'E). Strain VCA-93 was detected from
asample collected in 2020 at the outlet of thermal vapors along
the edge of the caldera on the southern slope of the Gorely
volcano, where the temperature of the deposits was ~32 °C,
(52°33.306' N, 158°01.742" E) (Fig. 1). The biotope on the
Gorely volcano was characterized by a lack of vegetation.
Melting of nearby snowfields and evaporation of moisture
were observed during sampling. Sampling was carried out
using classical microbiological methods (Gollerbah, Shtina,
1969).

A soil sample weighing not more than 1 g was inoculated
on Petri dishes with sterile liquid modified Waris-H medium
(McFadden, Melkonian, 1986; Andersen, 2005) (Supplemen-
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Fig. 1. Map of the study area and sampling sites: 1 — Shiveluch volcano,
2 - Gorely volcano.

tary Material 1)! and liquid modified Bold Basal Medium with
triple nitrogen and vitamins (Starr, Zeikus, 1993; Schldsser,
1997; Andersen, 2005) (Supplementary Material 1) to obtain
enrichment cultures. Enrichment cultures were periodically
checked for algal growth using an Olympus CK30 inverted
microscope (Olympus, Japan) with a maximum magnifica-
tion of x400.

Pure cultures were isolated using the micropipette method
(Andersen, 2005) and grown in modified Waris-H liquid
medium. Algal cultures were maintained at 117-120 lux il-
lumination, 24.9 °C, 16 % humidity, and 16:8 h light:dark
cycle.

Light microscopy, morphological characterization. The
morphology of the strains was examined with Olympus BX 53
(Olympus, Japan), equipped with Nomarski DIC optics. Mi-
crophotographs were taken with an Olympus DP 27 camera
(Olympus, Japan) at 1000 magnification. The parameters of
50 vegetative cells were analyzed to identify the boundaries
of variation in morphological characteristics for each strain.

Molecular genetic analysis. Taxonomic identification of
strains was performed by molecular genetic methods, includ-
ing obtaining nucleotide sequences of the small subunit and
internal transcribed spacer rRNA (18S+ITS rRNA; according
to the protocol outlined by V.Yu. Nikulin et al. (2023)), con-
struction of phylogenetic trees and secondary structures of the
ITS1 and ITS2 rRNA regions.

1 Supplementary Materials 1 and 2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Sushchen_Engl_28_7.pdf

Characteristics of Micractinium thermotolerans
and M. inermum from the Kamchatka Peninsula

For DNA isolation, cell biomass was sampled during the
exponential growth phase and concentrated by centrifugation.
Total genomic DNA was isolated according to the method of
C.S. Echt et al. (1992) with some modifications (Abdullin et
al., 2021). Amplification was performed by polymerase chain
reaction (PCR) in a T100 Thermal Cycler amplifier (Bio-Rad
Laboratories, Inc., USA) with Encyclo Plus kit (Evrogen,
Russia), primers 82F (5'-GAAACTGCGAATGGCTC-3")
(Lopez-Garcia et al., 2003) and ITS4R (5'-CCTCCGCT
TATTGATATGC-3") (White et al., 1990). PCR parameters
were as follows: initial denaturation at 96 °C for 3 min, fol-
lowed by 30 cycles including denaturation at 96 °C for 1 min,
annealing at 55 °C for 2 min, elongation at 68 °C for 3 min.
This was followed by a final elongation at 68 °C for 7 min
(Mikhailyuk et al., 2018).

Sequencing was performed using the equipment of the
Instrumental Centre of Biotechnology and Gene Engineering
of FSCEATB FEB RAS, ABI 3500 genetic analyzer (Ap-
plied Biosystems, USA). PCR products were sequenced in
both directions with BigDye Terminator sequencing kit v. 3.1
(Applied Biosystems, USA) and the same primers as used
for PCR. Additionally, primers SSU528F-800 (5'-CGGT
AATTCCAGCTCC-3") (Hoef-Emden, Melkonian, 2003),
920F (5'-GAAACTTAAAKGAATTG-3") (Marin etal, 1998),
nl1400R (5'-GGTAGGAGCGACGGGCGGTGTGTAC-3")
(Marin et al., 2003), and Bd18SF1 (5-TTTGTACACACCG
CCCGTCGC-3') (Goka et al., 2009) were used. Sequences
were assembled with the Staden v.1.4 software package (Bon-
field et al., 1995) and compared with other strains available
at the National Center for Biotechnology Information (NCBI,
USA) using a BLAST search (https://blast.ncbi.nlm.nih.
gov/Blast.cgi). The selection of representative sequences for
phylogenetic analysis was based on a dataset of green algae
of the genus Micractinium (Krivina et al., 2023), which in-
cluded 48 18S+ITS rRNA sequences; 2,418 aligned positions.
The sequence of the taxon Chlorella vulgaris Beijerinck,
representing a phylogenetically distant lineage, was added
to the dataset as an outgroup. Sequences were aligned in the
SeaView program (Galtier et al., 1996) with manual alignment
correction. The best-fit model of nucleotide substitutions for
our dataset was determined based on the Akaike Information
Criterion (AIC) (Akaike, 1974) in the jModelTest 2.1.1 pro-
gram (Darriba et al., 2012).

Phylogenetic trees were constructed using the maximum
likelihood (ML) method and the Bayesian approach (BI).
ML analysis was performed using the RAXML web server
v. 7.7.1 (http://embnet.vital-it.ch/raxml-bb/) (Kozlov et al.,
2019); BI was performed using the MrBayes 3.1.2 program
(Huelsenbeck, Ronquist, 2001). In BI analysis, 5 million
generations of Markov chains were created, sampling every
100 generations, i.e., 50,000 samples. The first 25 % of
samples (before -InL values reached a plateau) were excluded
from the analysis as “burn-in”. Markov chain Monte Carlo
convergence (MCMC) to a stationary distribution was as-
sessed visually using the Tracer 1.7.1 program (Rambaut et al.,
2018) by plotting posterior probabilities. All ESS values were
greater than 200. The stability of ML-derived phylogenetic
tree nodes was calculated using the RAXML server using the
bootstrap method (Bootstrap Percentage, BP) (Stamatakis et
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al., 2008) and by determining the posterior probabilities (PP)
in the BI. BP values less than 50 % and PP values less than
0.95 were not considered. Phylogenetic trees were visualized
using the FigTree v. 1.4.4 program (Rambaut, 2018).

To confirm strain identification, secondary structures of
the ITS1 and ITS2 rRNA regions were compared between
phylogenetically related sequences. Secondary structures were
constructed based on models developed for representatives
of the genus Micractinium (Chae et al., 2019; Krivina et al.,
2023) using the UNAFold Web Server (http://www.unafold.
org/mfold/applications/rna-folding-form.php) (Zuker, 2003)
and visualized in the VARNA program (Darty et al., 2009).
Next, compensatory and hemicompensatory base substitutions
(CBC, hCBC) (Caisova et al., 2013) and other molecular
features that distinguish strains were searched for.

Results and discussion

Molecular genetic analysis

The sequences of the region comprising 18S—ITS1-5.8S-ITS2
rRNA of strains VCA-93 and VCA-72 were deposited in the
GenBank database under accession numbers PP501334 and
PP501335, respectively. BLAST searches revealed a high
percentage of similarity to the sequences of Micractinium
sp. (M. thermotolerans) (Krivina et al., 2023) ACSSI 332
MT784118(99.91 %) and M. inermum NLP-F014 KF597304
(99.29 %), respectively.

On the phylogenetic tree, strain VCA-93 was clustered in
the topologically established species clade of M. thermoto-
lerans with strains ACSSI 332 (holotype) and IC-76 (Fig. 2).
All three strains were found in the Russian Federation (Kam-
chatka Peninsula, Chukotski Peninsula (Krivina et al., 2023),
and West Siberian Plain (Piligaev et al., 2018), respectively).
Related to them is a clade with moderate statistical support
(73/0.98; BP/PP) including strains of Micractinium sp. from
Africa — TvB (isolated from Tiberias hot springs), SH (from
a sinkhole near Ein Gedi), CCAP 211/92 (soil sample from
Seychelles).

As noted earlier, in contrast to “African” strains, all repre-
sentatives of M. thermotolerans are characterized by the
absence of an intron in the second quarter of the 18S gene
(Krivina et al., 2023). This is also true for strain VCA-93. The
sister species was M. tetrahymenae SAG 2587.

Strain VCA-72 occupied a basal position in the moderately
supported clade of M. inermum (81/0.98) (Fig. 2). In sister
position was a clade (89/0.99) composed of closely related
strains found in North America, Europe, and Asia: HS26 (So-
nora Desert in Arizona, USA) (Ganuza et al., 2016), NLP-FO14
(Nakdong River, South Korea) (Park etal., 2015), KM 114868
(Weston Park Pond, UK) (Smith et al., 2015), and NIES-2171
(Sendai Botanical Garden, Japan) (Hoshina, Fujiwara, 2013).
Thus, there was no geographic structuring in the M. iner-
mum clade. The species clades of M. lacustre, M. variabile,
M. simplicissimum and one specimen of M. singularis were
the closest to the M. inermum clade.

ITS1 and ITS2 rRNA secondary structures
The secondary structures of the ITS1 and ITS2 regions of the
studied strains corresponded to the generally accepted models
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developed for eukaryotic organisms, in particular, green algae
(Coleman, 2000, 2015). The models of ITS1 and ITS2 heli-
cal domains of strain VCA-93 and M. thermotolerans strains
ACSSI 332 and IC-76 (Supplementary Material 2) were
characterized by the absence of substitutions between them.

The presented models of the secondary structure of the
helical domains of strain VCA-72 were generally similar to
those for M. inermum (Fig. 3).

Helix I in ITS1 and helix I, IT in ITS2 were monomorphic,
but intraspecific variability was observed in all other ITS
helices of the compared M. inermum strains. Despite this,
the conservatism of the structure is due to the predominant
localization of substitutions in apical or lateral loops and the
presence of hCBCs that preserve base pairing. In terms of
the number of nucleotide differences, the ITSI regions were
expectedly less conservative compared to ITS2 (ten versus
four differences). The majority of nucleotide substitutions in
both spacers (ten substitutions) distinguished our strain from
the other four, but there were four substitutions and deletions
characterizing specific strains (Fig. 3). Five hCBC substitu-
tions were detected in the helixes (three hCBCs in ITSI:
U—C in pos. 12 and 34 of helix III, A—G in pos. 17 of helix
IV; two hCBCs in ITS2: C—U in pos. 29 of helix III, U—C
in pos. 26 of helix IV), whereas no CBC substitutions were
detected. The topology of the basal part of helix IV ITS2 strain
KM114868 differed from the others (Fig. 3).

According to the CBC concept (Wolf et al., 2013), the
absence of CBC in ITS2 indicates that the compared strains
belong to the same species. Thus, based on the results of phy-
logenetic analysis and modelling of secondary structures, we
reliably identified the strains under study: VCA-93 belongs to
the species M. thermotolerans Krivina, Sinetova, Savchenko,
Degtyarev, Tebina et Temraleeva, and VCA-72 belongs to
M. inermum. The studied genotype of the latter, due to the
presence of unique nucleotide substitutions, allowed us to add
new data to the pool of molecular diversity of the ITS rRNA
region of M. inermum species.

Morphology, reproduction and ecology

Micractinium thermotolerans Krivina, Sinetova, Sav-
chenko, Degtyarev, Tebina et Temraleeva (Fig. 4a—f).
The cells are spherical, 3.2-6.5 um in diameter, without
bristles (Fig. 4a, b). Young cells are triangular, ellipsoidal
(3.0-5.6 x3.3-5.9 um) or irregular. The chloroplast is parie-
tal, cup-shaped with a spherical pyrenoid, covered by starch
grains. Reproduction by 2—4 autospores (Fig. 4c—e). The
sporangium size was 4.4—6.7 pm in diameter. Autospores were
uniform in size (up to 2 microns in diameter), triangular or
irregular in shape and showed release by rupture of the spo-
rangium cell wall. Cell walls remain visible in culture after
release of autospores.

The cell wall is thin, with uniform thickening in older
cultures. The cells are pear-shaped, oval and ellipsoidal with
a shallow, wide constriction in the center, reaching a length
of 7.3-10.5 um in 6-month cultures (Fig. 4f).

The detection of cells significantly larger than mature ve-
getative cells is consistent with the observations of E. Krivina
et al. (2023). They showed that incubation at elevated, but
non-lethal temperatures caused the appearance of a population
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Fig. 2. ML tree illustrating the phylogenetic position of strains VCA-93 and VCA-72 (in bold) among members of the genus Micra-
ctinium based on 18S+ITS rRNA sequence comparison (2,418 aligned positions; GTR+I+G model).

Node supports in ML/BI analyses (BP > 50 % and PP > 0.95) are indicated. Nodes with maximum support (100/1.00) are indicated by
asterisks. The branch belonging to the outgroup is shortened (only 10 % of the length is shown). Scale bar is the number of nucleotide

substitutions per position.

of single or abnormally dividing giant cells with a diameter of
10.8-19.3 pm in the culture. In our case, the M. thermotole-
rans VCA-93 strain was cultured at 24.9 °C, and the appear-
ance of abnormal cells with lipid droplets was probably a
result of culture depletion. It was associated with its aging.
It is similar to the results obtained for M. thermotolerans
ACSSI 332 under nitrogen starvation conditions.

E. Krivina et al. (2023) obtained preliminary data on the
fatty acid composition of M. thermotolerans. Thus, during the
description of the species, the composition of methyl esters of
fatty acids of strain ACSSI 332 was revealed (hexadecanoic,
7,10,13-hexadecatrienic, 9,12,15-octadecatrienic, pentadeca-
noic acids, etc.). It differed significantly from the fatty acid
composition of other species of the genus Micractinium with
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ITS1 @ Ku641127 Chlorella-like algae HS26
(® JX889641 Micractinium sp. NIES-2171
(D KF597304 M. inermum NLP-FO14

& KM114868 M. inermum

Helix | Helix Il Helix Il

ITS2

Helix I Helix 1l Helix IV

Fig. 3. Secondary structure models of the ITST and ITS2 helical domains of strain VCA-72.

Nucleotide sequence differences with M. inermum strains HS26, NLP-FO14, KM114868, and NIES-2171 are indicated by endnotes according to the
legend. Helix IV ITS2 of strain KM114868 is shown separately (bottom right) due to topological differences.
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Fig. 4. Microphotographs of the strains M. thermotolerans VCA-93 (a—f) and M. inermum VVCA-72 (g—j).

a, b- vegetative cells; ¢ - presporangial cell (arrow indicates doubling of the pyrenoid); d - presporangial
cell (arrow indicates doubling of the protoplast); e — autosporangia; f — ellipsoid cell with a shallow, wide
constriction in the center with vacuoles; g - vegetative cell; h - sporangium in an aging culture; i — release
of autospores; j - cell in an aging culture with a lipid droplet and vacuole (lipid droplet is indicated by an
arrow). Scale bar: 10 um.

greater complexity and diversity (Krivina et al., 2023). The authors noted the bio-
technological potential of this species.

Two of the three known strains of M. thermotolerans were isolated from extreme
habitats: VCA-93 from tephra collected at the outlet of thermal vapors along the
edge of the caldera of the Gorely volcano (Kamchatka Peninsula) and ACSSI 332
from a hot spring located on the Chukotka Peninsula (Krivina et al., 2023). At the
same time, strain IC-76 was isolated from river sand from the coast of the Ob river
(Novosibirsk region) (Piligaev et al., 2018), which may indicate the ecological
plasticity of the species.

Micractinium inermum Hoshina et Fujiwara (Fig. 4g—). The solitary cells are
spherical (4.3-5.0 um) (Fig. 4g), drop-shaped or ellipsoidal (2.2—4.7 x 3.0-5.0 pm),
without bristles. The chloroplast is single, cup-shaped, with a pronounced pyre-
noid. Asexual reproduction by two autospores (Fig. 4i). Cells in old cultures are
spherical (5.7-7.9 um) or ellipsoidal with a shallow, wide constriction in the center
(Fig. 4h), 8.4—10.7 um long and are characterized by the presence of lipid droplets
proportional to their size (Fig. 4i, j).

In the cytoplasm of aging and resting cells, there is an accumulation of single
small or large lipid droplets (Andreeva, 1998). It can be colorless or yellow, orange,

Characteristics of Micractinium thermotolerans
and M. inermum from the Kamchatka Peninsula

red. Probably, the color of lipid droplets
is associated with carotenoids and their
derivatives, which are accumulated in
lipid globules. They can be detected by
light microscopy in the form of spheri-
cal colored bodies in the resting stages
of many green algae species (Weiss,
1983). For example, it has been shown
that the reddish color of lipid droplets
of Haematococcus pluvialis Flotow is
due to the presence of the fat-soluble
carotenoid astaxanthin (Ota et al., 2018).
According to our observations, aging
cells of M. inermum VCA-72 are cha-
racterized by the presence of colorless
lipid droplets (Fig 4h—).

The detection of lipid droplets in cells
is also characteristic of culture deple-
tion, including nitrogen starvation. For
example, J. Zhan et al. (2016) found
significant changes in the lipid content
of Chlorella sp. under nitrogen deple-
tion of the culture. Nutrient deficiency,
as well as high light intensity and high
salt concentration, is an environmental
stressor and causes the accumulation of
lipids or carbohydrates (Ho et al., 2012;
Fernandes et al., 2013; Roleda et al.,
2013; Park et al., 2015).

It is known that the Micractinium spe-
cies studied by us are characterized by
high growth rates and the ability to syn-
thesize and accumulate lipids (Park et
al., 2015; Shietal., 2019; Krivina et al.,
2023). This aspect indicates their great
potential for the production of biodiesel
(Wijffels, Barbosa, 2010). There have
been a number of works aimed at iden-
tifying the optimal culture conditions
for M. inermum, which allow increasing
its biological productivity and reducing
the cost of maintaining cultures. For
example, it has been shown that the
maximum lipid productivity of the JL1
strain is achieved by adding glucose
to the heterotrophic culture (Shi et al.,
2019). The fatty acid profile of algae is
of great importance in biodiesel produc-
tion as it determines the key properties
of'the fuel (Knothe, 2009). For example,
the percentage of oleic acid serves as an
indicator of fuel quality (Knothe, 2009).
A. Banskota et al. (2024) identified
oleic, linoleic and palmitic acids in the
biomass of M. inermum.

S. Park etal. (2015) suggested the use
of wastewater mixture for M. inermum
NLP-F014 cultivation. The lipid accu-
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mulation was up to 40 % under culture depletion conditions.
This method can significantly reduce the cost of water and
nutrient requirements, and hence cost of cultivation. T. Sydney
et al. (2018) treated M. inermum culture with ultraviolet B
(UVB) to reduce the energy required for cell wall disruption
and lipid extraction. This resulted in an increased yield of fatty
acid methyl esters. Thus, strains of this species are candidates
for biofuel production.

Most publications (Park et al., 2015; Smith et al., 2015;
Dickinson et al., 2019; Shi et al., 2019; Banskota et al., 2024)
indicate freshwater habitats for M. inermum. Probably, small
sizes and rapid reproductive rates allow representatives of
this species not only to be planktonic in water bodies, but also
to survive in terrestrial habitats, including in such extreme
biotopes as the volcanic deposits of Kamchatka (pyroclastic
deposits along the Baydarnaya river bed on the Shiveluch
volcano).

Conclusion

As a result of the study of algal diversity in the pyroclastic
deposits of the Shiveluch and Gorely volcanoes (Kamchatka
Peninsula), using an integrative approach, representatives of
the genus Micractinium were identified. The results obtained
complement the information on the secondary structure of the
ITS1 and ITS2 rRNA regions, morphology (morphology of
cells in aging cultures of M. inermum and M. thermotolerans),
life cycle (the life cycle of M. inermum is considered in more
detail), ecology (the species are among the primary colo-
nizers of lifeless substrate on the Kamchatka Peninsula; vital
activity of M. thermotolerans at deposit temperature ~32 °C)
and biogeography (M. inermum is reported for the first time
in Russia, and M. thermotolerans is the first finding for the
Kamchatka Peninsula) of the discovered species.
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