
ISSN 0003-6838, Applied Biochemistry and Microbiology, 2025, Vol. 61, No. 3, pp. 472–486. © Pleiades Publishing, Inc., 2025.
ISSN 0003-6838, Applied Biochemistry and Microbiology, 2025. © Pleiades Publishing, Inc., 2025.
Prospects for the Use of Algae and Cyanobacteria
from Extreme Habitats of Kamchatka in Biotechnology

R. Sushchenkoa, * (ORCID: 0000-0002-6850-6767) and L. Gaysinab, c (ORCID: 0000-0002-0920-6449)
a Laboratory of Botany, Federal Scientific Center of the East Asia Terrestrial Biodiversity,

Far Eastern Branch, Russian Academy of Sciences, Vladivostok, 690022 Russia
b Department of Bioecology and Biological Education, M. Akmullah Bashkir State Pedagogical University, Ufa, 450008 Russia
c All-Russian Research Institute of Phytopathology, Russian Academy of Agricultural Sciences, Bolshye Vyazemy, 143050 Russia

*e-mail: allaguvatova@yandex.ru
Received November 25, 2024; revised January 9, 2025; accepted January 10, 2025

Abstract—Kamchatka is a unique natural laboratory, where the substrate is constantly refreshing under active
volcanic conditions. It is believed that the first settlers of the lifeless volcanic deposits are microscopic algae
and cyanobacteria, which are able to survive at high and low temperatures, low concentrations of nutrients,
sharp f luctuations in the aggregate state of water, and other extreme environmental factors. The main ways
photoautotrophs adapt to live in these environments by controlling the structure of the plasma membrane,
making protective compounds like polyols, sugars, secondary carotenoids, vitamins, and more, and living
with fungi and bacteria in biological crusts. This review indicates the possibility to use the widespread species,
which were found on the peninsula: Chlorella vulgaris, Tetradesmus obliquus, Chromochloris zofingiensis,
Bracteacoccus minor, B. bullatus, and Chlorogloeopsis fritschii, in biotechnological research. The detailed anal-
ysis of the environment and consideration of species-specific demands allow to select suitable strain and an
increase in valuable component yield.
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INTRODUCTION
The Kamchatka Peninsula is a unique region that is

part of the Pacific Ring of Fire, located in the Russian
Far East. Volcanic activity influences the climate, nat-
ural environment, and fauna of the peninsula, contrib-
uting to the formation of extreme habitats. Volcanic
biotopes characterized by high (in the case of hot
springs or thermal fields) or low (snowfields) tempera-
tures of the substrate, low acidity, increased ultraviolet
radiation (UVR; volcanic deserts), sharp f luctuations
in aggregate state of water (seasonal melting of perma-
frost and of snowfields on the slopes of volcanoes),
and a deficiency of nutrients in the initial stages of suc-
cession of the lifeless substrate. It is believed that the
first settlers of volcanic deserts were algae and cyano-
bacteria characterized by small sizes (within few
microns) which permitted them to move easily via air
masses [1–3]. Under unfavorable environmental con-
ditions, algae change characteristics of the life cycle,
the rate of physiological and biochemical processes,
the structural composition of membranes, and the pro-
duction of special protective substances [4, 5] (Fig. 1).
The wide adaptive capabilities of algae and cyanobac-
teria from extreme biotopes can become a potential
object and basis for biotechnological research (Table 1).

This review includes an analysis of the climatic condi-
tions of the peninsula, which form the unique micro-
bial communities of terrestrial microalgae and cyano-
bacteria. The biotechnological potential of these
microorganisms as producers of valuable compounds
is important for biotechnology.

BRIEF DESCRIPTION OF THE KAMCHATKA 
PENINSULA’S CLIMATE

The climate of Kamchaka is cold and excessively
humid. The humidity coefficient exceeds 1.3. The
average annual precipitation is from 350 to 1000 mm.
Prevalence of summer precipitation is observed. The
snow cover thickness exceeds 50 cm, and in some areas
reaches 100 cm. The average temperature in July does
not exceed 15°C, in February—from –10 to –20°C
[6]. Volcanic activity in Kamchatka contributes to an
increase in soil temperature with depth and the
absence of continuous permafrost, which is found in
the goltsy and subgoltsy belts. Despite the relatively
warm soils, due to the harsh climate, the vegetation
period in Kamchatka is quite short (on average
100 days), the last frosts are observed in June—early
July, the first—from mid-August [6].
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Fig. 1. The influence of environmental factors on algae and cyanobacteria of Kamchatka.
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ECOLOGICAL FACTORS AND ADAPTIVE 
MECHANISMS OF PHOTOTROPHS

Low temperature. Temperature is one of the most
important environmental factors of biotopes influenc-
ing metabolism and growth rates of microorganisms.
The optimum growth temperature for mesophilic
algae (temperate climate) is usually 20–30°C. An
organism that can live at temperatures below 15°C but
whose growth optimum is above this value is consid-
ered “psychrotolerant”. According to Morgan-Kiss
et al. [7], microorganisms whose growth optimum is
below 15°C are considered “psychrophiles” (cold-lov-
ing). Photoautotrophs, living under low-temperature
conditions, primarily aim to reduce the intensity of
absorbed light to preserve the integrity of their light-
harvesting complex components. This is because
exposure to low temperatures can cause an excessive
increase in the f lux of absorbed light, surpassing the
permissible norm. Thus, in Chlamydomonas nivalis
(Bauer) Wille from polar latitudes, the light-harvest-
ing capacity of photosystems decreasing due to an
increased chlorophyll a/b ratio. These processes
caused by a change in the ratio of the central protein of
photosystem II (PSII) and peripheral light-harvesting
proteins. Decrease in the expression of genes associ-
ated with light harvesting also negatively influences on
photosynthesis [8]. A similar result was detected for
Chlorella vulgaris Beijerinck in a study of intense light
and low temperatures (5°C) effect on algal growth [9].
Under these conditions, a decrease in the content of
chlorophyll and polypeptides of light-harvesting com-
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
plex II was observed, which likely contributed to the
decrease in the probability of light absorption. A simi-
lar acclimatization response to low temperature as in
C. vulgaris was found in the mat-forming antarctic
cyanobacterium Phormidium murrayi (West et West)
Anagnostidis et Komárek (synonym Wilmottia murrayi
(West et West) Strunecký, Elster et Komárek) [10]. It
was found that the culture responded to stress factors
by reducing the functional size of PSII due to a signif-
icant increase in the ratio of carotenoids to chlorophyll
a. This is evidence that photoautotrophs adapted to
low temperatures sense and respond to excitation pres-
sure like mesophilic organisms [10].

In cases of excess light energy, algae cells have the
ability to dissipate excess light as heat and reduce the
light-harvesting capacity of PSII to maintain optimal
levels of photosynthesis. Thus, in C. vulgaris cells, the
increase of xanthophylls content and photosynthetic
capacity at 5°C was observed. These changes caused
by a concomitant increase in the electron flow through
PSII reduced the pressure on the photosystem [11]. In
Chlamydomonas nivalis, a significant increase in the
effective photochemical quantum yield of PSII, a
decrease in the proportion of closed PSII reaction
centers, and unregulated energy dissipation were also
detected [8].

Increased levels of stress factors (including low
temperatures) reduce the rate of photosynthesis, and
excess electrons are transferred to molecular oxygen
(O2) with the formation of reactive oxygen species
(ROS) [12]. ROS cause oxidative damage to proteins,
l. 61  No. 3  2025
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Table 1. Application of algae and cyanobacteria strains from extreme habitats in biotechnology

An environmental 

factor that causes the 

synthesis of biologically 

active compounds

Strain
Special protective 

substances
Application in biotechnology References

Low

temperature

Bracteacoccus bullatus 

CCALA 1120

Monounsaturated 

fatty acids

Production of vegetable oil 

with high unsaturated fatty acid 

content

 [22]

High

temperature

Tetradesmus obliquus Saturated fatty acids Biodiesel production  [32, 33]

Thermosynechococcus 
elongatus

Thermostable

pigment phycocyanin

Cytotoxic activity of C-phycocyanin 

to various types of cancer cells

 [37, 38]

Chlorogloeopsis fritschii Thermostable 

enzyme cyanophycin 

synthetase

Catalyzes the formation 

of cyanophycin, a substitute

for polyaspartic acid needed 

in the paper, oil and paint

industries

 [36]

UVR Chlorogloeopsis sp. Mycosporin-like 

amino acids

Pharmaceutical and cosmeceutical 

applications: sunscreen base

 [56, 57]

Bracteacoccus minor Secondary

carotenoids

Production of natural dyes and 

industrial algal oils

 [71]

Moisture deficiency Neocystis mucosa Exopolysaccharides Industrial wastewater treatment  [81–84]

Nitrogen deficiency Chromochloris 
zofingiensis

Lipids Biodiesel production  [94]
DNA, and lipids [13]. The ROS scavenging system

includes antioxidant enzymes (superoxide dismutase,

catalase, and peroxidase) and non-enzymatic scaven-

gers (carotenoids, vitamin E, and vitamin C) [14].

Therefore, the increase in carotenoid content and

antioxidant enzyme activity in C. nivalis at low tem-

peratures is associated with ROS scavenging [8].

There are a number of strategies developed in algae

and cyanobacteria cells to protect the photosynthetic

apparatus. These are the synthesis of specialized sub-

stances (polyols, sugars, antifreeze proteins) and the

ability to change the structure of the cell membrane by

forming protective compounds and regulating the

composition of fatty acids. The cell wall is the first bar-

rier that maintains the integrity of the cell under stress

conditions. Accordingly, its resistance to extreme con-

ditions is critical for the survival of organisms. A num-

ber of studies have shown that algenan is a key com-

pound that affects the strength and permeability of the

cell wall [15]. Algenan, also known as sporopollenin, is

a complex biopolymer with high acid-base stability. Its

presence complicates the process of extracting valu-

able compounds from algae cells. Thus, the detection

of sporopollenin in the cells of Chlorella protothecoides
Krüger (synonym Auxenochlorella protothecoides
(Krüger) Kalina et Puncochárová), a potential object

for commercial biofuel production, led to increase the

costs of oil extraction [16].
APPLIED BIOCHEMI
Gonzalez-Hourcade et al. [17] showed that cells of
Coelastrella and Scenedesmus strains did not stain with
crystal violet, indicating the presence of algenan in
their cell walls. Dye treatment of growth cultures at
low temperature was performed for visualization of
changes in cell wall permeability. All Scenedesmus cells
became stained after the treatment. Probably, the
walls of young cells are immature and susceptible to
lower temperatures. Thus, knowledge of the resistance
of microalgae cell wall components to stress factors
will permit the development of strategies for extracting
valuable substances from algae biomass.

Maintaining cell membrane f luidity is another
mechanism that permits microorganisms to adapt to
the effects of low temperatures [18]. Changing the
composition of fatty acids in the membrane (including
polyunsaturated, short-chain, branched, or cyclic
fatty acids) of psychrophiles allow them to regulate
membrane f luidity [19]. In particular, the degree of
unsaturation of fatty acids in membrane lipids plays an
important role to prevent membrane rigidity under
low-temperature conditions. Sato et al. [20] compared
the fatty acid composition in cells of Anabaena varia-
bilis Kützing ex Bornet et Flahault (synonym Trichor-
mus variabilis (Kützing ex Bornet et Flahault)
Komárek et Anagnostidis), grown isothermally at 38
and 22°C, and concluded that the cyanobacterium
adapted to the lower temperature by f luidizing mem-
brane lipids, increasing the unsaturation of C18:1
STRY AND MICROBIOLOGY  Vol. 61  No. 3  2025
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Fig. 2. Map of the study area with sampling locations, where strains were found: 1—B. bullatus, 2—C. vulgaris, 3—T. obliquus,
4—C. fritschii, 5—Community of M. thermotolerans and cyanobacteria of the genera Microcoleus and Stenomitos, 6—
C. zofingiensis, 7—B. minor, 8—N. mucosa, 9—M. inermum.
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acids. The ability of microalgae and cyanobacteria to
accumulate C18:1 indicates the potential of these
organisms as producers of high-quality biodiesel fuel.

During the study the algal and cyanobacterial
diversity from volcanic habitats of Kamchatka, Bracte-
acoccus bullatus Fuciková, Flechtner et Lewis was
detected [21] (Fig. 2). The strain was isolated from
pyroclastic material beneath the mountain-tundra
species Arctous alpina (L.) Niedenzu and Ledum pal-
ustre L. subsp. decumbens (Ait.) Hult. The sample was
collected on Koryaksky Volcano (N 53°16.732′,
E 158°44.496′). The B. bullatus CCALA 1120, isolated
from a similar low-temperature habitat (mountain
snow in Spain), contains a high proportion of fatty
acids (15.3% of dry weight) [22]. Moreover, monoun-
saturated fatty acids make up about 30%, and the most
noticeable compounds are oleic (18:1ω-9) and vacce-
nic acids (18:1ω-7). The ratio of polyunsaturated fatty
acids (PUFA) ω-6/ω-3 was 1 : 1.16, i.e., close to the
ideal ratio of 1 : 1 recommended by the World Health
Organization. These results demonstrate the suitabil-
ity of B. bullatus for the low- temperature production
of vegetable oil with high unsaturated fatty acid con-
tent.

The next mechanism activated at sub-zero tem-
peratures is the production of cryoprotectants by
algae, which include polyols, sugars, and antifreeze
proteins [23]. Sugars have been shown to promote
freezing tolerance by acting as osmolytes, ROS scav-
engers, and signaling molecules, although this is spe-
cies-dependent [24]. They typically interact with the
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
lipid layer during the freezing phase, maintaining the
integrity of the plasma membrane. Sucrose produc-
tion is part of the cold adaptation strategy of Klebsor-
midium flaccidum (Kützing) Silva, Mattox et Black-
well [25] and the response to cold shock of C. vulgaris
[26]. C. vulgaris was isolated from a tephra sample col-
lected along the Baydarnaya river bed on the Shive-
luch volcano (N 56°33.57′, E161°8.24′) [2] (Fig. 2).
Possibly the ability to survive under low temperature
conditions permits such coccoid algae to inhabit life-
less volcanic ecotopes.

The formation of symbiotic relationships by
microalgae is another way of adaptation. Dickson [27]
reported increased frost resistance of the species Aster-
ochloris excentrica (Archibald) Skaloud et Peksa and
Trebouxia sp. only in lichen-type communities [28].
Symbiotic algae are protected from harmful environ-
mental influences due to the stable microclimate in
the lichen thallus [29].

Thus, the main strategies of algae and cyanobacte-
ria at low temperatures are regulation of cell mem-
brane f luidity, synthesis of additional compounds to
protect cell integrity, and response to excitation pres-
sure by changing the ratio and composition of the
components of the photosynthetic apparatus. The
flexibility of the cell membrane composition permits
psychrophiles to be sources of valuable fatty acids.

High temperature. Thermophiles are microorgan-
isms that can grow at high temperatures, exceeding the
boiling point of water [30]. As with psychrophiles,
changes in ambient temperature lead to changes in the
l. 61  No. 3  2025
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fatty acid composition of their membranes. Thus, in
the thermophilic strain Synechococcus elongatus
(Nägeli) Nägeli B-267, a decrease in temperature led
to a two-fold decrease in the quantitative ratio of satu-
rated and unsaturated fatty acids [31].

The green algae, Tetradesmus obliquus (Turpin)
Wynne, was discovered in tephra samples along the
left edge of the outcrop on the Shiveluch volcano
(N 56°33.625′, E 161°8.398′) [2] (Fig. 2). The habitats
were characterized by high temperatures of substrate
(up to 90°C). Castro-Tapia et al. [32] showed that
Scenedesmus acutus Meyen (synonym T. obliquus)
accumulates more total lipids at 38°C than at 25 and
30°C. Palmitic and oleic acids predominated in the
total amount of extracted lipids. Temperature changes
during microalgae growth could be used to enhance
lipid production and obtain fatty acids suitable for bio-
diesel production [32]. Acutodesmus obliquus (Turpin)
Hegewald et Hanagata (synonym T. obliquus), isolated
from a thermal reservoir (t = 50°C) in Lagoa Quente,
was used in Brazil to produce biofuel [33]. The bio-
diesel productivity obtained on DAF medium was

25.6 t ha–1 year–1, and on BBM medium, 32.9 t ha–1

year–1, which was higher than that of soybeans, from

which 0.542 t ha–1 year–1 was obtained. Moreover,
biodiesel production from A. obliquus requires 1.6–
2.2% of the land and 5.5–7.2% of the water used for
soybean biodiesel production.

In addition to the ability to regulate fatty acid com-
position, thermophilic microorganisms are character-
ized by the presence of thermostable enzymes, which
provide a potential advantage over mesophylls, facili-
tating their survival at high temperatures [34]. Ther-
mophilic cyanobacteria are the source of thermostable
cyanophycin synthetase (CphA) encoded by the cphA
gene and catalyzing the formation of cyanophycin. It
is a substitute for polyaspartic acid, a biodegradable
compound required for the synthesis of polyacrylate in
the paper, oil, and the coatings industries [35]. Cyano-
phycin is also considered as a biodegradable substitute
for the petrochemical industry and environmentally
friendly plastics. A culture of the cyanobacterium
Chlorogloeopsis fritschii (Mitra) Mitra et Pandey was
isolated from a tephra sample collected from an out-
crop (N 56°33.64′, E 161°8.40′) located near a dead
forest area on the Shiveluch volcano [2] (Fig. 2).
CphA of a thermophilic strain of C. fritschii isolated
from the Gauri Kund hot spring in India was shown to
be maximally active at 30 and 40°C, and was 66% sta-
ble when treated for 1 h at 45°C [36].

The thermostable pigment phycocyanin isolated
from the thermophilic strain Thermosynechococcus
elongatus Katoh, Itoh, Shen et Ikeuchi (synonym
Thermosynechococcus vestitus (Copeland) Komárek et
Strunecky) TA-1 showed stability in the range from 4
to 60°C, with an activity of 65.65% at 60°C [37]. Ther-
mal stability is believed to be determined by the amino
acid composition, ion pairs, hydrogen bonds, second-
APPLIED BIOCHEMI
ary structure, and surface polarity of the substance
molecule [37]. C-phycocyanin (C-PC) of T. elongatus
has been shown to exert cytotoxic effects on various
types of cancer cells, including breast cancer cells [38].
The thermophilic Chlorogleopsis sp., collected in Yel-
lowstone National Park (USA), has also been shown
to produce C-PC. The maximum productivity of C-
PC was achieved when treated with 20% CO2 flow

with a value of 0.09 ± 0.01 mg/mL day at CO2 fixation

rate of 0.17 ± 0.01 mg/mL day [39].

Jasser et al. [40] found a positive correlation
between the thermotolerance of strains isolated from
hot springs and the number of genes encoding heat
shock proteins, which are known to help microorgan-
isms adapt to stressful environments [41]. Three small
heat shock protein genes, hsp17.1, hsp17.8 and HspA,
which protect PSII, maintain the integrity of thylakoid
membranes and phycobilisomes aggregation under
stress conditions [42], were found in thermophilic
strains of cyanobacteria (Calothrix thermalis Hansgirg
ex Bornet et Flahault, Desertifilum tharense Dadheech
et Krienitz and Hillbrichtia sp.).

Thermotolerance also appears to be associated
with the presence of genes encoding type I polyketide
synthase (PKS) and nonribosomal peptide synthetase
(NRPS). Both types of the studied genes were ampli-
fied in thermotolerant strains of Trichormus variabilis
(Kützing ex Bornet et Flahault) Komárek et Anagnos-
tidis, C. thermalis, Hillbrichtia pamiria Jasser, Panou,
Sandzewicz, Gkelis et Kwiatowski, Microcoleus ana-
toxicus Stancheva et Conklin, Thermoleptolyngbya hin-
dakii Panou, Kokocinski et Gkelis. PKS and NRPS
genes are associated with nonribosomal synthesis of
secondary metabolites in microorganisms living under
unfavorable environmental conditions. The ecological
role of metabolites encoded by PKS, NRPS or hybrids
of these genes is not fully understood, but appears to
be related to various types of stress, such as increased
light and UVR intensity, as well as high temperature
and increased adaptability of microorganisms in
highly competitive environments [43].

The formation of giant cells in Chlorella-like algae
is one of the adaptation mechanisms under stressful
conditions (including the influence of supra-optimal
temperatures) identified in laboratory [44]. Thus, two
strains of Micractinium sp. TvB and SH were cultivated
at supra-optimal temperature (45°C) and different
salinity levels. It was shown that at 45°C and relatively
high salinity, an initial increase in optical density was
observed in the first two days, which occurred due to
cell growth in volume with the formation of giant cells,
without a simultaneous increase in cell density.

The ability of thermophilic strains to grow at higher
temperatures permits to reduce the cost of cooling sys-
tems in closed reactors, where energy is spent on tem-
perature stabilization [39, 45].

Thermophilic activity of photosynthetic microor-
ganisms is supported by the ability to regulate mem-
STRY AND MICROBIOLOGY  Vol. 61  No. 3  2025
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brane f luidity, the presence of thermostable enzymes
and a unique set of genes, the functional role of which
is not fully understood. Thermostable compounds of
these organisms may be useful in the field of pharma-
cology and for the production of biodiesel.

Light. Photosynthetically active radiation (PAR) is
radiation in the range of 400–710 nm that is necessary
for photosynthesis, but its quantity and quality can
either promote this process or suppress it when pro-
longed and intense exposure [46]. Excessively bright
light typically causes oxidative damage to PUFA.
Numerous studies have shown that cellular lipid and
PUFA content decrease with increasing light intensity
[47].

Avoidance is one of the strategies to mitigate or
even prevent the harmful effects of UVR and ensure
long-term survival of algae in microbiotic crusts.
Crustacean algae are usually found in a matrix of poly-
meric organic and inorganic substances together with
other groups of microorganisms. In North American
desert crusts, green algae occupy a microenvironment
within the matrix where they are protected from dam-
aging levels of radiation [48]. A similar pattern on
Gorely volcano in Kamchatka was observed [3]. Com-
munity of coccoid algae Micractinium thermotolerans
Krivina, Sinetova, Savchenko, Degtyarev, Tebina et
Temraleeva and cyanobacteria of the genera Microco-
leus and Stenomitos was discovered in a sample taken
from at the outlet of thermal vapors along the edge of
the caldera on the southern slope (N 52°33.306′,
E 158°01.742′) (Fig. 2). These filamentous cyanobac-
teria formed a dense mat, inside which favorable con-
ditions for the existence of algae were created. The
substrate temperature was about 32°C.

Cells in the deeper layers of the soil crust, where
photosensitive species are likely to be located, may be
protected from radiation by shading by cells in the
outer layers [49]. High levels of UV-screening pig-
ments appear to screen out close to 100% of the short-
wavelength radiation, thus, biota inhabiting the lower
layers of the mat are exposed to wavelengths of limited
intensity (2% of PAR) in the yellow-red waveband.
Therefore, phototrophic microorganisms living in the
lower layers of the mat are likely adapted to shaded
conditions [7]. A probable example of such acclimati-
zation and/or adaptation to lower light intensity
and/or differences in its quality is the difference in
autofluorescence of two populations of Synechococcus
living on and beneath the surface of the mat, at a dis-
tance of ~400–700 μm. Ramsing et al. [50] identified
the co-occurrence of two genetically distinct popula-
tions of Synechococcus. The ~60° mat region con-
tained a more f luorescent and deeper population (16S
rRNA genotype A) that exhibited a unique reorienta-
tion of cells during the brightest part of the light cycle,
providing evidence consistent with the differential
light adaptation hypothesis [51]. In turn, the Syn-
echococcus B´ population inhabited in the upper pho-
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
tic zone and was able to withstand high light intensi-
ties. In addition, surface populations of Synechococcus
appear to shut down oxygenic photosynthesis during
the brightest part of the day [50].

The main strategy of algae and cyanobacteria to
maintain life under conditions of high insolation is the
synthesis of protective compounds, including pig-
ments, and the adjustment of their composition [52].
Thus, cyanobacteria are capable of synthesizing intra-
cellular [53] and extracellular [54] compounds that
protect them from UVR. Garcia-Pichel et al. [54]
demonstrated the photoprotective role of the extracel-
lular pigment scytonemin, which absorbs UVA, in the
terrestrial cyanobacterium strain Chlorogloeopsis sp.
O-89-Cgs(1). An example of extracellular protective
components are mycosporin-like amino acids
(MAAs), the absorption spectrum of which is in the
range from 310 to 360 nm. The main function of
MAAs is believed to protect cells from UV damage by
absorbing incoming UVR [55], i.e. they act as sun-
screens. Two mycosporin-type compounds (myco-
sporin-glycine and shinorin) have been found in rep-
resentatives of the genus Chlorogloeopsis [56]. It has
been statistically confirmed that an increase in shino-
rine content is associated with an increase in the dura-
tion of UVB exposure [56]. Besides other pharmaceu-
tical and cosmetic applications, MAAs are a potential
source for the development of natural sunscreen [57].

Increasing light intensity above saturation limits
causes photoinhibition [58], which is associated with
the destruction of chloroplast plates and inactivation
of enzymes involved in CO2 fixation [59]. The effect of

such exposure and the threshold differ among species
[60]. Increasing the light intensity from 80 to

120 μmol/m2 s resulted in an increase in the growth
rate of pre-conditioned (6% CO2 treatment) C. vul-
garis culture. The maximum biomass growth rate

(0.78 g/L day) was obtained at 245 μmol photons/m2 s
[61]. In all 14-day experiments, no mass death of
microalgae was observed, and an increase in biomass
was observed. Thus, photoinhibition of the strains was
not detected.

Scenedesmus obliquus (Turpin) Kützing CNW-N
(synonym T. obliquus) is one of the potential sources of
carotenoids and chlorophylls [62]. The highest spe-
cific growth rate of S. obliquus CNW-N cultivated in
modified DM medium at light intensities from 60 to

540 μmol photons/m2 s was about 1.65–1.8/day. The
maximum biomass productivity of 840.57 mg/L day
was observed at a light intensity of 420 μmol

photons/m2 s [63]. The two examples shown above
confirm the thesis about the species-specificity of
photoinhibition. Light utilization efficiency can be
optimized by extending the dark period under high
light intensity conditions, allowing the photosynthetic
machinery in the cell to fully utilize the captured pho-
tons and convert them into chemical energy, thus,
avoiding the photoinhibition effect [64].
l. 61  No. 3  2025
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Some algae species can use secondary pigments as
a form of photoprotection [65]. In contrast to primary
ones, they are not used directly at the stage of photo-
synthesis to collect light, but perform a protective
function [66]. Astaxanthin is a secondary carotenoid
produced by many species of snow algae, such as
C. nivalis [67]. The pigment surrounds and protects
the chloroplasts from strong radiation by absorbing
some of the incident light and dissipating it as heat. By
diverting this energy away from chloroplasts, the risk
of photoinhibition and associated photodamage can
be reduced [68].

The green alga Chromochloris zofingiensis (Dönz)
Fucíková et Lewis was identified in a sample of pyro-
clastic material under the Salix arctica Pall. clump
(N 53°20.096′, E 158°49.554′), collected on the sad-
dle between Avachinsky and Koryaksky volcanoes [21]
(Fig. 2). This species, like C. nivalis, is capable of syn-
thesizing astaxanthin, but unlike the former, it is less
demanding laboratory cultivation conditions. Due to
the ability to synthesize carotenoid pigments (lutein,
canthaxanthin and astaxanthin), as well as lipids and
starch, C. zofingiensis has high biotechnological
potential. It is also capable of achieving high biomass
density under phototrophic, heterotrophic and mixo-
trophic cultivation regimes [69, 70]. Another well-
known producer of secondary carotenoids, including
astaxanthin, is Bracteacoccus minor (Schmidle ex
Chodat) Petrová. Strain of this species was isolated
from a sample of pyroclastic material collected on the
eastern slope of Gorely Volcano under S. arctica and
Oxytropis pumilio (Pall.) Ledeb. (N 52°34.267′,
E 158°04.929′) [3] (Fig. 2). Commercially significant
yields of ketocarotenoids and lipids (1.3–1.4 and 187–
202 mg/L day, respectively) per liter of feedstock cul-
ture were shown to provide a promising basis for fur-
ther exploration of this microalgae as a source of nat-
ural dyes and industrial algal oils [71].

Thus, the main adaptation strategies of photoauto-
trophs living under conditions of increased UVR
include the synthesis of protective compounds –
carotenoids and shading by more resistant microor-
ganisms in biological crusts. The secondary pigments
of these microorganisms are of special value.

Fluctuations in aggregate state of water. Moisture of
soil has a decisive influence on the development of
algae living in it [72]. Deficiency leads to serious func-
tional changes in cells, which is associated with the
suppression of photosynthesis, irreversible aggrega-
tion of macromolecules and the disintegration of
organelles [49]. Soil algae are poikilohydric organisms
and are able to tolerate moisture deficit for some time
[73]. Different species and forms have various prefer-
ences, with diatoms being the most sensitive to water
deficiency [28].

The cell wall, consisting mainly of carbohydrates
(cellulose and hemicellulose), as well as some other
compounds, plays an important role in water exchange
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with the environment, cell volume and turgor pres-
sure. Desiccation can cause mechanical damage due
to cell contraction as the water content and, hence its
volume decreases. The f lexibility of the cell wall per-
mits it to fold, which is an adaptation to mechanical
stress caused by desiccation [74]. The three-layer cell
wall of some green algae contains sporopollenin [75].
As in the case of the influence of low temperatures and
light radiation, sporopollenin permits to resist desic-
cation [76].

The biochemical defense strategy against desicca-
tion involves the production of osmotically active car-
bohydrates such as polyols produced in particular by
green algae of the class Trebouxiophyceae [77]. It
appears that polyols synthesis in some green algae is a
temporary response to water loss. Their role in protec-
tion against desiccation is due to the fact that they
reduce intracellular water potential. Polyols such as
glycerol, erythritol, arabitol, ribitol, mannitol, sorbitol
and volemitol have been found in microalgae [76].
Polyols are of great interest to the food and pharma-
ceutical industries for the production of sugar-free
products or for reducing the calorie content of prod-
ucts. Thus, sorbitol and erythritol are used as sugar
substitutes for diabetics, and mannitol is used as a
sweetener [78].

Another mechanism that permits microorganisms
to survive under conditions of substrate desiccation is
formation of mucous colonies. It has been shown that
the soil crusts of the mountain tundra contain many
species of green and charophyte algae capable of
mucus formation. Algal mucus contains hydrophilic
colloidal polysaccharides that protect the cells from
sudden moisture f luctuations [79]. In a sample of
pyroclastic deposits from the mountain tundra of the
Mutnovsky volcano (N 52°29.952′, E 158°09.294′),
Neocystis mucosa Krienitz, Bock, Nozaki et Wolf was
discovered [3] (Fig. 2), which is characterized by the
formation of abundant mucus containing extracellular
polymeric substances. The monomeric composition
of carbohydrates from the N. mucosa exopolysaccha-
rides was analyzed using HPLC. Carbohydrates iso-
lated using cation exchange resin, acidic, alkaline
treatment and heating consisted of glucose, mannose,
galactose and arabinose with a molecular ratio of 42 :
13 : 2 : 1 [80]. It has been noted that microalgae exo-
polysaccharides promote autoflocculation. Accord-
ingly, these compounds can be used for industrial
wastewater treatment [81–84].

The mucous secretions of algae promote the aggre-
gation not only the cells of the algae themselves, but
also soil particles, forming soil crusts. Such soil crusts
may also be associated with cyanobacteria, bacteria,
fungi, mosses and lichens. The mucus may store nutri-
ents and protect the microorganisms within reducing
the risk of desiccation and freezing [5].

Thus, a structured cell wall, the f lexibility of which
is regulated by the synthesis and inclusion of necessary
STRY AND MICROBIOLOGY  Vol. 61  No. 3  2025
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compounds, the production of mucus and osmotically
active substances permit algae to live in a terrestrial-air
environment and withstand sharp f luctuations in
aggregate state of water in the soil.

Chemical composition of the substrate. Soil forma-
tion on the Kamchatka Peninsula occurs under condi-
tions of active volcanism, where volcanic ash acts as
the soil-forming rocks [85]. As a result of an explosive
eruption acidic gases (CO2, SO2, H2S, HCl, HF) are

released, which are partially sorbed on the surface of

ash particles. Then, the sorbed substances (Cl–, F–,

) enter the hydrosphere and soil as a result of

being washed out by melt, rain and surface waters. In
this case, leaching of petrogenic components (Mg,
Ca, K, Na, Al, Fe, Si, as well as Cu, Mn, Sr, Ba, Zn
and other microelements) from pyroclastic deposits
occurs [86]. Thus, a water-soluble ash complex is
formed on the surface of ash particles. It consists of
ephemeral minerals (salts) formed as a result of chem-
ical reactions of sorbed eruptive gases with petrogenic
components extracted from the rock [87]. The chemi-
cal composition of fresh pyroclastic deposits is proba-
bly determined by the properties of the water-soluble
ash complex.

The growth rate of algae depends on the rate of the
most limiting nutrient uptake at optimum temperature
and pH [88]. Long-term nutrient stress triggers adap-
tations that involve species-specific changes in metab-
olism [89].

One of the most important elements responsible
for algae viability is nitrogen, which plays a major role
in the synthesis of protein, DNA and chlorophyll.
Nitrogen starvation affects growth, protein and carbo-
hydrate synthesis, and in particular lipid accumulation
[90–92]. Under nitrogen deficiency, a decrease in the
content of thylakoid membranes, activation of acyl
hydrolase and increased hydrolysis of phospholipids
can be observed leading to an increase in the intracel-
lular content of fatty acetyl coenzyme A [93]. Increas-
ing the reserves of carbohydrates or lipids in algae cells
during nitrogen starvation is actively used in biotech-
nology, especially in the production of biodiesel fuel.
Thus, it was found that under nitrogen deficiency con-
ditions in the cells of Chlorella zonfingiensis (synonym
Chromochloris zofingiensis), the accumulation of lipids
and carbohydrates increases, and the synthesis of car-
bohydrates occurs earlier than the synthesis of lipids
[94]. Lipid accumulation under nitrogen-depleted
conditions has also been shown for Coccomyxa subel-
lipsoidea Acton [95], S. acutus (synonym T. obliquus)
[96], Lobosphaera incisa (Reisigl) Karsten et al. [97]
and many other species.

Phosphorus is another important compound
responsible for the production of cellular components
and metabolic pathways that include energy transfer
and nucleic acid synthesis [98]. Approximately 0.03–
0.06% phosphorus in the medium is required to sup-
port algal growth [99–101]. Phosphorus deficiency is

2

4SO
−
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also believed to lead to lipid accumulation. Thus, Xin
et al. [102] observed an increase in the total lipid con-
tent from 23 to 53% in Scenedesmus sp. with a decrease
in the initial concentration of total phosphorus (as
phosphate) from 2.0 to 0.1 mg/L. In turn, Chu et al.
[93] showed that the lipid yield of C. vulgaris grown for
biodiesel production under phosphate-sufficient con-
ditions was 58.39 mg/L day and was relatively higher
than that under phosphate-deficient conditions. It is
likely the phosphorus requirement is species-specific.

The above examples showing the effect of nitrogen
or phosphorus deficiency on algal metabolism con-
firm that nitrogen and phosphorus starvation shifts the
lipid metabolism from membrane lipid synthesis to
neutral lipid storage. This, in turn, increases the total
lipid content of green algae [103]. It is equally import-
ant to investigate the combined effect of these biogens
on lipid synthesis. Thus, in Parietochloris incisa (syn-
onym Lobosphaera incisa), it was shown that com-
bined nitrogen and phosphorus limitation seemed to
enhance arachidonic acid productivity better than
nitrogen deprivation alone [104]. The better perfor-
mance of N-P-deficient BBM medium may be due to
the synergistic effect of combined nutrient stress. It
was later shown that arachidonic acid may be an
important factor in the adaptation of L. incisa to low
temperatures, as it can help maintain the f luidity of
chloroplast membranes [105].

Polyphosphate of microalgae is a form of cellular
protection against metal toxicity because it is able to
bind with metals into a detoxifying complex. Chlam-
ydomonas reinhardtii Dangeard accumulated copper
and cadmium and withstood metal toxicity in a poly-
phosphate-rich environment [100]. Mulbry et al. [106]
have shown a significant capacity of algae to take up
inorganic phosphate from wastewater due to adsorp-
tion ranging from 70 to 90% of the optimum level
required for growth [107]. Microalgae growth and
phosphate uptake were found to be linearly propor-
tional to biomass yield.

Inorganic carbon is a necessary component of pho-
tosynthesis and, therefore, is important for the growth
and reproduction of algae. A decrease of carbon fixa-
tion rate means a decrease of the growth rate. Carbon
can be used for autotrophic growth in the form of CO2,

bicarbonate, and in the form of acetate or glucose in
the heterotrophic mode of cultivation. Under
increased CO2 conditions, the growth rate decreases to

varying degrees depending on tested species until it
reaches a concentration that completely inhibits
growth [108]. Microalgae adapt to these conditions,
which may cause secondary inhibitory effects due to
the degradation of proteins specialized for response to
low CO2 levels and a decrease affinity for CO2 [109].

This acclimation consists of the carbonic anhydrase
activity decrease and the ability to accumulate inor-
ganic carbon [110].
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Micractinium inermum Hoshina et Fujiwara was
isolated from a sample taken along the Baydarnaya
river bed of Shiveluch volcano (N 56°33.98′,
E 161°8.41′) [111] (Fig. 2). This species has attracted
the attention of researchers due to its rapid growth rate
in a short period of time [112]. Dickinson et al. [113]
found the highest growth and CO2 fixation rates, and

biomass yield of M. inermum cultures exposed to 1%
CO2 air f low. A further growth rates decrease with CO2

concentration increasing from 5 to 10% is explained by
the lack of acclimatization of the culture to the CO2

concentration before the experiments [114, 115].

Trace metals are in algae cells in extremely small
quantities, but play a significant role in their physiol-
ogy. Iron (Fe), manganese (Mn), cobalt (Co), zinc
(Zn), copper (Cu) and nickel (Ni) are the six major
trace elements required by microorganisms for various
metabolic functions [116]. Its deficiency limits
growth, while excess or high concentrations (above the
toxicity threshold) suppress it, disrupt photosynthesis,
deplete antioxidant reserves and damage the cell
membrane [117].

Iron is responsible for the growth and functioning
photosynthesis and respiration of algae, as it serves as
a redox catalyst in photosynthesis and nitrogen assim-
ilation, and mediates electron transfer reactions [118].
Iron deficiency contributes to chlorophyll concentra-
tion decrease [119] and carotenoid composition
reduction [120, 121]. High iron concentration resulted
in increased lipid content in C. vulgaris culture [122].

Excess of some elements (e.g. Zn and Cu) can
cause toxicity [123]. There are a number of functional
groups that have a high affinity for metal ions and
carry combined negative charge, mainly due to the
presence of carboxyl, sulfhydryl and phosphate groups
on the cell surface of algae [124]. These groups are
binding sites that transport metal ions into the cell
across the membrane. Carvalhido et al. [125] pro-
posed to use a soil strain M. inermum to assess the toxic
effects of copper and glyphosphate (the main compo-
nent of the RoundUp ULTRA Max® herbicide) by
measuring growth inhibition and calculating EC50
values. M. inermum growth was completely inhibited at
the highest tested copper concentration (0.3 mg/L),
resulting in complete cell death, while growth was
stimulated at the lowest concentration of 0.03 mg/L.

Deficiency of macro- and microelements leads to
viability of algae and cyanobacteria decrease, since it
plays an important role in many vital processes. How-
ever, knowledge of the species- and strain-specific
demands of microorganisms will make it possible to
use this information in obtaining valuable compounds
from the biomass of these microorganisms.

pH. The concentration of hydrogen ions deter-
mines the solubility and availability of CO2 and essen-

tial nutrients, and pH can have a significant impact on
algal metabolism [126, 127]. Alteration of soil pH can
affect the development and distribution of soil algal
APPLIED BIOCHEMI
communities through inhibition of photosynthesis

and enzyme activity [128, 129]. It is believed that cya-

nobacteria prefer alkaline (pH > 7.0), diatoms—neu-

tral soils (pH 7.0), and some charophytes and green

algae are able to live in acidic soils (pH < 6.0) [29].

According to Litvinenko and Zakharikhina [85], “all

volcanic soils of Kamchatka are acidic or weakly

acidic and contain low concentrations of bases.” The

soils of alder elfin woodlands typically have the lowest

pH of the soil water extract (no higher than 4.22) and

the lowest for volcanic rocks contents of bases (1.7–

5.9%). The soils of mountainous tundra are character-

ized by higher pH values (4.8–5.0) and are slightly

richer in bases (15–18%).

In algal cultures, pH can increase significantly due

to CO2 uptake [130]. Maximum algae growth occurs at

a neutral pH, although the optimum pH is the initial

value at which the algae are adapted to grow. Physio-

logical mechanisms through which algae survive at

low pH include maintaining a positive membrane

potential [131], reducing the permeability of the

plasma membrane to protons, and maintaining proton

pump activity to keep a neutral cytosol [132–134]. A

stable plasma membrane also contributes to the resis-

tance of acidophilic and acidotolerant algae to heavy

metals and toxic anions and prevents their penetration

into cells [132, 133, 135].

Algae that are tolerant of low external pH values

likely have the ability to regulate internal pH in

response to external f luctuations. In Chlorella saccha-
rophila (Krüger) Migula (synonym Chloroidium sacch-
arophilum (Krüger) Darienko et al.), an internal pH of

7.3 was maintained at an external pH of 5.0–7.5; how-

ever, a further decrease in pH to 3.0 caused a decrease

in cellular pH to 6.4 [136]. The energy required to

maintain the internal pH of acid-tolerant algae is con-

served as the internal pH decreases. This mechanism

for maintaining cellular metabolism gives them an

energetic advantage over acidity-intolerant species at

low external pH values [117].

Algae strains that are resistant to extreme pH levels

have great potential for use in biotechnology. Pollut-

ants in biogas die and resistant algae strains survive at

pH > 9.0 [137–139]. The use of carbonate alkaline

nutrient media in algal-bacterial photobioreactors

promotes long-term efficient biogas production [140].

The main role in the adaptation of photoautotro-

phs to changes in the acidity of the environment is

played by the plasma membrane, the composition and

integrity of which determines the acid-alkaline bal-

ance of the cell. Algae strains that are resistant to

extreme pH levels have great potential for use in bio-

technology.
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CONCLUSION: FROM ECOLOGY 
TO BIOTECHNOLOGY

To obtain valuable substances from microalgae and
cyanobacteria, it is necessary to take into account the
conditions of the natural habitat for initial selection
the optimal conditions for their growth. After that, it is
possible to identify more suitable parameters to pro-
mote the accumulation of biomass and the synthesis of
compounds. It is absolutely essential to take into
account that microorganisms are influenced by several
factors in one moment: high radiation and low pH,
high temperature and low pH, or a combination of all
three in the case of microorganisms, isolated from hot
springs. High insolation, moisture deficiency, low
substrate temperatures allow to inhabit volcanic
deserts.

During the study of the influence of environmental
factors on soil algae of various types of mountain tun-
dra and sparse forests of the Northern Urals, Ellen-
berg’s ecological scales were used [141]. According to
the obtained results, nitrogen content (r = 0.58; P =
0.102) and soil moisture (r = 0.60; P = 0.088) had the
greatest impact on soil algal diversity. Accordingly, the
selection of an optimal nutrient medium with the
addition of nitrogen (nitrates, ammonium) will permit
to maintain the cultures of cyanobacteria and algae
isolated during this study.

Probably, multivariate analysis permits to expand
the possibilities of laboratory experiments, taking into
account the influence of natural ecological factors on
microorganisms. Thus, to assess the impact of light
intensity, temperature, and their interaction on the
density of cultures, the content of chlorophyll a and
carotenoids, and the maximum quantum efficiency of
PSII of cyanobacteria and microalgae – aerophytes
from the southern part of the Baltic Sea, a two-way
ANOVA was used [142]. Irradiation and temperature,
as well as their interaction, were found to significantly
affect the chlorophyll a content in cyanobacteria (Nos-
toc sp., Synechococcus sp., and Aphanothece sp.;
ANOVA, p < 0.001, for all) and in the tested green
algae strains (Oocystis sp., Coccomyxa sp., Kirchneri-
ella sp.; ANOVA, p < 0.001, for all).

To examine the effects of light quality and culture
temperature on the growth kinetics and lipid produc-
tion of C. reinhardtii, a two-way ANOVA using regres-
sion was applied [143]. It was found that in the late
exponential phase, during a sufficient nutrient supply
in the medium, the effect of light quality on the lipid
synthesis and accumulation is weakly interactive (P =
0.07) with the temperature. In the late stationary
phase, an increase in the interaction of these factors
was observed (P = 0.02). Statistical analysis allows to
prove the reliability of the obtained results and deter-
mine the environmental parameters affecting the pro-
ductivity of strains.

Protective compounds (pigments, polyols, cryo-
protectors, exopolysaccharides, fatty acids, etc.), syn-
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thesized by algae and cyanobacteria, promote their
survival in the natural environment. Biotechnological
research uses these metabolites as highly valuable raw
materials to solve various problems. Cultivation of
such organisms, taking into account species-specific
demands and natural habitat characteristics, will per-
mit choosing a more suitable strain and increasing the
yield of valuable components. For example, when
choosing a better astaxanthin producer, C. zofingiensis
will have an advantage over the cryotolerant C. nivalis
since the former is unpretentious to cultivation condi-
tions.

An important aspect of working with microorgan-
isms that have high production characteristics is main-
taining their stability and safety. Probably, maintain-
ing collections of algae and cyanobacteria cultures by
routine serial sub-culture cannot guarantee the preser-
vation of valuable production properties [144]. The
exact events which cause the loss of these characteris-
tics are most often not obvious. As a solution to this
problem, a cryopreservation method has been pro-
posed that ensures the stability of various characteris-
tics that may be unstable when using a conventional
maintenance regime [145]. Since this approach also
has its drawbacks (the presence of a rigid, sometimes
impermeable, cell wall in algae and complex cell struc-
tures—vacuoles, f lagella insertion points, etc., which
hinder the penetration of cryoprotectants), the issue
of preserving and maintaining the production charac-
teristics of photosynthetic microorganism strains
remains open.

A complex of environmental factors (high tempera-
tures, extreme pH values, high content of toxic ele-
ments in the volcanic substrate, low nutrient content,
sharp f luctuations in aggregate state of water) deter-
mines the structure and uniqueness of the extreme
habitats of the Kamchatka Peninsula. To survive under
hard conditions, algae and cyanobacteria must have
adaptive mechanisms that involve the production of
biologically active compounds, which, in turn, are
valuable to human. Consequently, the strains of pho-
totrophic microorganisms from Kamchatka soils
could considered promising objects for biotechnolog-
ical production, and the extreme habitats of the pen-
insula can be considered a favorable environment for
conducting large-scale research aimed at finding pro-
ducers of biologically active compounds.

FUNDING

This research received financial support within the state

assignment of Ministry of Science and Higher Education of

the Russian Federation no. 124012400285-7 “Biodiversity

and resource potential of terrestrial biota of East Asia”, with

partial financial support from the Russian Science Founda-

tion (project No. 25-24-00481) “Search for promising

strains of microscopic algae and cyanobacteria to stimulate

the growth of vegetable crops in hydroponic systems”.
l. 61  No. 3  2025



482 SUSHCHENKO, GAYSINA
ETHICS APPROVAL

AND CONSENT TO PARTICIPATE

This work does not contain any studies involving human

and animal subjects.

CONFLICT OF INTEREST

The authors of this work declare that they have no con-

flicts of interest.

REFERENCES

1. Shtina, E.A., Andreyeva, V.M., and Kuzyakina, T.I.,
Bot. Zh., 1992, vol. 8, pp. 33–42.

2. Allaguvatova, R.Z., Bagmet, V.B., Nikulin, A.Yu., Ab-
dullin, Sh.R., and Gontcharov, A.A., Vopr. Sovrem.
Al�gol., 2021, vol. 26, no. 2, pp. 135–138. 
https://doi.org/10.33624/2311-0147-2021-2(26)-135-138

3. Allaguvatova, R.Z., Nikulin, A.Y., Nikulin, V.Y., Bag-
met, V.B., and Gaysina, L.A., Diversity, 2022, vol. 14,
pp. 1–23. 
https://doi.org/10.3390/d14050375

4. Enigmatic Microorganisms and Life in Extreme Environ-
ments, Seckbach, J., Ed., Dordrecht: Kluver, 1999,
pp. 215–227.

5. GeoEcology of Terrestrial Oases Ecological Studies, Bey-
er, L. and Boelter, M., Eds., Berlin: Springer, 2002,
pp. 303–319.

6. Neshataeva, V.Y., Proc. Karel. Res. Cent. RAS, 2011,
no. 1, pp. 3–22.

7. Morgan-Kiss, R., Priscu, J.C., Pocock, T., Gudy-
naite-Savitch, L., and Huner, N.P.A., Microbiol. Mol.
Biol. Rev., 2006, vol. 70, no. 1, pp. 222–252. 
https://doi.org/10.1128/MMBR.70.1.222–252.2006

8. Zheng, Y., Xue, C., Chen, H., He, C., and Wang, Q.,
Front. Microbiol., 2020, vol. 11, pp. 1–15. 
https://doi.org/10.3389/fmicb.2020.01233

9. Maxwell, D.P., Falk, S., Trick, C.G., and Huner, N.,
Plant Physiol., 1994, vol. 105, no. 2, pp. 535–543. 
https://doi.org/10.1104/pp.105.2.535

10. Roos, J.C. and Vincent, W.F., J. Phycol., 1998, vol. 34,
pp. 118–125. 
https://doi.org/10.1046/j.1529-8817.1998.340118.x

11. Maxwell, D.P.M., Falk, S., and Huner, N.P.A., Plant
Physiol., 1993, vol. 102.

12. Liu, B., Sun, L.R., Ma, L.Y., and Hao, F.S., Plant Cell
Rep., 2017, vol. 36, pp. 947–957. 
https://doi.org/10.1007/s00299-017-2128-x

13. Chen, H., Hu, J., Qiao, Y., Chen, W., Rong, J.,
Zhang, Y., et al., Sci. Rep., 2015, vol. 5, pp. 1–12. 
https://doi.org/10.1038/srep15117

14. Zhao, Q., Chen, W.X., Bian, J.Y., Xie, H., Li, Y.,
Xu, C.X., et al., Front. Plant Sci., 2018, vol. 9, pp. 1–12. 
https://doi.org/10.3389/fpls.2018.00800

15. Dunker, S. and Wilhelm, C., Front. Microbiol., 2018,
vol. 9, pp. 1–11. 
https://doi.org/10.3389/fmicb.2018.00719
APPLIED BIOCHEMI
16. He, X., Dai, J., and Wu, Q., Front. Microbiol., 2016,
vol. 7, pp. 1–11. 
https://doi.org/10.3389/fmicb.2016.01047

17. Gonzalez-Hourcade, M., Fernando, D., and Gentili, F.G.,
Algal Res., 2023, vol. 75, pp. 1–8. 
https://doi.org/10.1016/j.algal.2023.103254

18. Lipids in Plants and Algae: From Fundamental Science
to Industrial Applications, Rebeille, F. and Marechal, E.,
Eds., Grenoble: Elsevier, 2022, pp. 1–57. 
https://doi.org/10.1016/bs.abr.2021.09.001

19. White, P.L., Wynn-Williams, D.D., and Russell, N.J.,
Antarct. Sci., 2000, vol. 12, pp. 386–393. 
https://doi.org/10.1017/S0954102000000432

20. Sato, N., Murata, N., Miura, Y., and Ueta, N., Bio-
chim. Biophys. Acta, 1979, vol. 572, pp. 19–28. 
https://doi.org/10.1016/0005-2760(79)90196-6

21. Allaguvatova, R.Z., Nikulin, A.Y., Nikulin, V.Y., Bag-
met, V.B., Shokhrina, V.V., Sterlyagova, et al., Biota
Environ. Nat. Areas, 2021, no. 2, pp. 3–14. 
https://doi.org/10.37102/2782-1978_2021_2_1

22. Lukavský, J., Kopecký, J., Kubáč, D., Kvíderová, J.,
Procházková, L., and Řezanka, T., J. Appl. Phycol.,
2023, vol. 35, pp. 649–660. 
https://doi.org/10.1007/s10811-023-02916-1

23. Polyextremophiles, Seckbach, J., Oren, A., Stan-Lot-
ter, H., Eds., Dordrecht: Springer, 2013, pp. 401–423.

24. Míguez, F., Schiefelbein, U., Karsten, U., and García-
plazaola, J.I., Front. Plant Sci., 2017, vol. 8, pp. 1–14. 
https://doi.org/10.3389/fpls.2017.01144

25. Nagao, M., Matsui, K., and Uemura, M., Plant Cell.
Environ., 2008, vol. 31, pp. 872–885. 
https://doi.org/10.1111/j.1365-3040.2008.01804.x

26. Salerno, G.L. and Pontis, H.G., Plant Physiol., 1989,
vol. 89, pp. 648–651. 
https://doi.org/10.1104/pp.89.2.648

27. Dickson, L.G., Arct. Antarct. Alp. Res., 2000, vol. 32,
pp. 40–45. 
https://doi.org/10.1080/15230430.2000.12003337

28. Ettl, H. and Gärtner, G., Syllabus der Boden-, Luft-
und Flechten Algen, Berlin: Springer Spektrum, 2014.

29. Pushkareva, E., Johansen, J.R., and Elster, J., Polar
Biol., 2016, vol. 39, pp. 2227–2240. 
https://doi.org/10.1007/s00300-016-1902-5

30. Comprehensive Biotechnology, Moo-Young, M., Ed.,
Amsterdam: Elsevier, 2010, pp. 229–242.

31. Maslova, I.P., Mouradyan, E.A., Lapina, S.S., Klyac-
hko-Gurvich, G.L., and Los, D.A., Russ. J. Plant
Physiol., 2004, vol. 51, pp. 353–360. 
https://doi.org/10.1023/B:RUPP.0000028681.40671.8d

32. Castro-Tapia, J.M., Dibildox-Alvarado, E., and So-
ria-Guerra, R.E., Afr. J. Biotechnol., 2022, vol. 21,
pp. 464–471. 
https://doi.org/10.5897/AJB2022.17518

33. D’Alessandro, E.B., Soares, A.T., Pereira, J., and An-
toniosi, F.N.R., Rev. Bras. Bot., 2018, vol. 41, pp. 319–
327. 
https://doi.org/10.1007/s40415-018-0459-7

34. Patel, A., Matsakas, L., Rova, U., and Christakopou-
los, P., Bioresour. Technol. 2019, vol. 278, pp. 424–434. 
https://doi.org/10.1016/j.biortech.2019.01.063
STRY AND MICROBIOLOGY  Vol. 61  No. 3  2025



PROSPECTS FOR THE USE OF ALGAE AND CYANOBACTERIA 483
35. Arai, T. and Kino, K., Appl. Microbiol. Biotechnol.,
2008, vol. 81, pp. 69–78. 
https://doi.org/10.1007/s00253-008-1623-y

36. Jyoti, J., Khattar, J.I.S., Gulati, A., and Singh, D.P.,
Biocatal. Agric. Biotechnol., 2019, vol. 17, pp. 339–346. 
https://doi.org/10.1016/j.bcab.2018.12.011

37. Leu, J.Y., Lin, T.H., Selvamani, M.J.P., Chen, H.C.,
Liang, J.Z., and Pan, K.M., Process Biochem., 2013,
vol. 48, pp. 41–48. 
https://doi.org/10.1016/j.procbio.2012.09.019

38. El-Mohsnawy, E. and Abu-Khudir, R., J. Taibah
Univ. Sci., 2020. vol. 14, pp. 1218–1225. 
https://doi.org/10.1080/16583655.2020.1812287

39. Eberly, J.O. and Ely, R.L., J. Ind. Microbiol. Biotech-
nol., 2012, vol. 39, pp. 843–850. 
https://doi.org/10.1007/s10295-012-1092-2

40. Jasser, I., Panou, M., Khomutovska, N., Sandzewicz, M.,
Panteris, E., Niyatbekov, T., et al., Mol. Phylogenet.
Evol., 2022, vol. 170, pp. 1–18. 
https://doi.org/10.1016/j.ympev.2022.107454

41. Escherichia coli and Salmonella: Cellular and Molecular
Biology, Neidhardt, F.C., Ed., Washington: American
Society for Microbiology, 1996, pp. 1382–1399.

42. Rajaram, H., Chaurasia, A.K., and Apte, S.K., Micro-
biology, 2014, vol. 160, pp. 647–658. 
https://doi.org/10.1099/mic.0.073478-0

43. Calteau, A., Fewer, D.P., Latifi, A., Coursin, T., Lau-
rent, T., Jokela, J., et al., BMC Genomics, 2014, vol. 15,
pp. 1–14. 
https://doi.org/10.1186/1471-2164-15-977

44. Adar, O., Kaplan-Levy, R.N., and Banet, G., Eur. J.
Phycol., 2016, vol. 51, pp. 387–400. 
https://doi.org/10.1080/09670262.2016.1193772

45. Liang, Y., Tang, J., Luo, Y., Kaczmarek, M.B., Li, X.,
and Daroch, M., Bioresour. Technol., 2019, vol. 278,
pp. 255–265. 
https://doi.org/10.1016/j.biortech.2019.01.089

46. Bischof, K., Gómez, I., Molis, M., Hanelt, D.,
Karsten, U., Luder, U., et al., Rev. Environ. Sci. Bio-
technol., 2006, vol. 5, pp.141–166. 
https://doi.org/10.1007/s11157-006-0002-3

47. Chemicals from Microalgae, Cohen, Z., Ed., London:
CRC Press, 1999, pp. 1–24.

48. Gray, D.W., Lewis, L.A., and Cardon, Z.G., Plant
Cell Environ., 2007, vol. 30, pp. 1240–1255. 
https://doi.org/10.1111/j.1365-3040.2007.01704.x

49. Karsten, U. and Holzinger, A., Biodiversity Conserv.,
2014, vol. 23, pp.1845–1858. 
https://doi.org/10.1007/s10531-014-0653-2

50. Ramsing, N.B., Ferris, M.J., and Ward, D.M., Appl.
Environ. Microbiol., 2000, vol. 66, pp. 1038–1049. 
https://doi.org/10.1128/AEM.66.3.1038-1049.2000

51. Ecology of Cyanobacteria II: Their Diversity in Space
and Time, Whitton, B.A., Ed., Durham: Springer Dor-
drecht, 2012, pp. 39–63. 
https://doi.org/10.1007/978-94-007-3855-3_3

52. La Rocca, N., Sciuto, K., Meneghesso, A., Moro, I.,
Rascio, N., and Morosinotto, T., Physiol. Plant., 2015,
vol. 153, pp. 654–667. 
https://doi.org/10.1111/ppl.12273
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
53. Ivanov, A.G., Miskiewicz, E., Clarke, A.K., Green-
berg, B.M., and Huner, N.P., Photochem. Photobiol.,
2000, vol.72, pp. 772–779.
https://doi.org/10.1562/0031-8655(2000)072<0772:-
popiau>2.0.co;2

54. Garcia-Pichel, F., Sherry, N.D., and Castenholz, R.W.,
Photochem. Photobiol., 1992, vol. 56, pp. 17–23. 
https://doi.org/10.1111/j.1751-1097.1992.tb09596.x

55. Garcia-Pichel, F., Wingard, C.E., and Castenholz, R.W.,
Appl. Environ. Microbiol., 1993, vol. 59, pp. 170–176. 
https://doi.org/10.1128/aem.59.1.170-176.1993

56. Kultschar, B., Dudley, E., Wilson, S., and Llewellyn, C.,
Metabolites, 2019, vol. 9, pp. 1–15. 
https://doi.org/10.3390/metabo9040074

57. Punchakara, A., Prajapat, G., Bairwa, H.K., Jain, S.,
and Agrawal, A., Appl. Environ. Microbiol., 2023,
vol. 89, pp. 1–16. 
https://doi.org/10.1128/aem.00740-23

58. You, T. and Barnett, S.M., Biochem. Eng. J., 2004,
vol. 19, pp. 251–258. 
https://doi.org/10.1016/j.bej.2004.02.004

59. Iqbal, M. and Zafar S., Folia Microbiol., 1993, vol. 38,
pp. 509–514. 
https://doi.org/10.1007/BF02814405

60. Gudvilovich, I., Lelekov, A., Maltsev, Y., Kulikovsky, M.,
and Borovkov, A., Plant Physiol., 2021, vol. 68,
pp. 188–196. 
https://doi.org/10.1134/S1021443720060059

61. Chunzhuk, E.A., Grigorenko, A.V., Kiseleva, S.V.,
Chernova, N.I., Vlaskin, M.S., Ryndin, K.G., et al.,
Plants, 2023, vol. 12, pp. 1–16. 
https://doi.org/10.3390/plants12223876

62. Borowitzka, M.A., J. Appl. Phycol., 2013, vol. 25,
pp. 743–756. 
https://doi.org/10.1007/s10811-013-9983-9

63. Ho, S., Chen, C., and Chang, J., Bioresour.Technol.,
2012, vol. 113, pp. 244–52. 
https://doi.org/10.1016/j.biortech.2011.11.133

64. Long, S., Humphries, S., and Falkowski, P.G., Annu.
Rev. Plant Biol., 1994, vol. 45, pp. 633–662. 
https://doi.org/10.1146/an-
nurev.pp.45.060194.003221

65. Rivas, C., Navarro, N., Huovinen, P., and Gómez, I.,
Rev. Chil. Hist. Nat., 2016, vol. 89, pp. 1–9. 
https://doi.org/10.1186/s40693-016-0050-1

66. Bidigare, R.R., Ondrusek, M.E., Kennicutte, M.C.,
Iturriaga, R., Harvey, H.R., Hoham, R.W., et al., J.
Phycol., 1993, vol. 29, pp. 437–438. 
https://doi.org/10.1111/j.1529-8817.1993.tb00143.x

67. Anesio, A.M., Lutz, S., Chrismas, N.A.M., and Ben-
ning, L.G., NPJ Biofilms Microbiomes, 2017, vol. 3,
pp. 1–11. 
https://doi.org/10.1038/s41522-017-0019-0

68. Remias, D., Pichrtová, M., Pangratz, M., Lütz, C.,
and Holzinger, A., FEMS Microbiol. Ecol., 2016,
vol. 92, pp. 1–11. 
https://doi.org/10.1093/femsec/fiw030

69. Liu, J., Huang, J., Sun, Z., Zhong, Y., Jiang, Y., and
Chen, F., Bioresour. Technol., 2011, vol. 102, pp. 106–110. 
https://doi.org/10.1016/j.biortech.2010.06.017
l. 61  No. 3  2025



484 SUSHCHENKO, GAYSINA
70. Liu, J., Mao, X., Zhou, W., and Guarnieri, M.T.,
Bioresour. Technol., 2016, vol. 214, pp. 319–327. 
https://doi.org/10.1016/j.biortech.2016.04.112

71. Minyuk, G.S., Chelebieva, E.S., and Chubchikova, I.N.,
Int. J. Algae, 2014, vol. 16, pp. 354–368. 
https://doi.org/10.1615/InterJAlgae.v16.i4.50

72. Büdel, B., Darienko, T., Deutschewitz, K., Dojani, S.,
Friedl, T., Mohr, K.I., et al., Microb. Ecol., 2009,
vol 57, pp. 229–247. 
https://doi.org/10.1007/s00248-008-9449-9

73. Smith, S.D., Monson, R.K., and Anderson, J.E.,
Physiological Ecology of North American Desert Plants,
Berlin: Springer, 1997.

74. Centeno, D.C., Hell, A.F., Braga, M.R., Campo, E.M.,
and Casano, L.M., Environ. Microbiol., 2016, vol. 18,
pp. 1546–1560. 
https://doi.org/10.1111/1462-2920.13249

75. Honegger, R. and Brunner, U., Can. J. Bot., 1981,
vol. 59, pp. 2713–2734. 
https://doi.org/10.1139/b81-322

76. Hotter, V., Glaser, K., Hartmann, A., and Ganzera, M., J.
Phycol., 2018, vol. 54, pp. 264–274. 
https://doi.org/10.1111/jpy.12619

77. Gustavs, L., Eggert, A., Michalik, D., and Karsten, U.,
Protoplasma, 2010, vol. 243, pp. 3–14. 
https://doi.org/10.1007/s00709-009-0060-9

78. Livesey, G., Nutr. Res. Rev., 2003, vol. 16, pp. 163–
191. 
https://doi.org/10.1079/NRR200371

79. Mikhailyuk, T.I., Biologia, 2008, vol. 63, pp. 824–830. 
https://doi.org/10.2478/s11756-008-0104-1

80. Lv, J., Zhao, F., Feng, J., Liu, Q., Nan, F., and Xie, S.,
Algal Res., 2019, vol. 40, pp. 1–9. 
https://doi.org/10.1016/j.algal.2019.101479

81. Salim, S., Bosma, R., Vermuë, M.H., and Wijffels, R.H.,
J. Appl. Phycol., 2011, vol. 23, pp. 849–855. 
https://doi.org/10.1007/s10811-010-9591-x

82. Guo, S.L., Zhao, X.Q., Wan, C., Huang, Z.Y., Yang, Y.L.,
Asraful Alam, M., et al., Bioresour. Technol., 2013,
vol. 145, pp. 285–289. 
https://doi.org/10.1016/j.biortech.2013.01.120

83. Salim, S., Kosterink, N.R., Tchetkoua Wacka, N.D.,
Vermuë, M.H., and Wijffels, R.H., J. Biotechnol.,
2014, vol. 174, pp. 34–38. 
https://doi.org/10.1016/j.jbiotec.2014.01.026

84. Alam, M.A., Wan, C., Guo, S.L., Zhao, X.Q.,
Huang, Z.Y., Yang, Y.L., et al., J. Biosci. Bioeng.,
2014, vol. 118, pp. 29–33. 
https://doi.org/10.1016/j.jbiosc.2013.12.021

85. Litvinenko, Y.S., and Zakharikhina, L.V., Geochem.
Int., 2009, no. 5, pp. 463–475. 
https://doi.org/10.1134/S0016702909050036

86. Bagnato, E., Aiuppa, A., Andronico, D., Cristaldi, A.,
Liotta, M., Brusca, L., et al., J. Geophys. Res., 2011,
vol. 116, pp. 1–17. 
https://doi.org/10.1029/2010JD015512

87. Malik, N., Ice Snow, 2010, no. 4, pp. 45–52.

88. Titman, D., Science, 1976, vol. 192, pp. 463–465. 
https://doi.org/10.1126/science.192.4238.463
APPLIED BIOCHEMI
89. Stehfest, K., Toepel, J., and Wilhelm, C., Plant Physi-
ol. Biochem., 2005, vol. 43, pp. 717–726. 
https://doi.org/10.1016/j.plaphy.2005.07.001

90. Benvenuti, G., Bosma, R., Cuaresma, M., Janssen, M.,
Barbosa, M.J., and Wijffels, R.H., J. Appl. Phycol.,
2015, vol. 27, pp. 1425–1431. 
https://doi.org/10.1007/s10811-014-0470-8

91. Shen, X.F., Liu, J.J., Chauhan, A.S., Hu, H., Ma, L.L.,
Lam, P.K.S., et al., Algal Res., 2016, vol. 17, pp. 261–
267.
https://doi.org/10.1016/j.algal.2016.05.018

92. Zarrinmehr, M.J., Farhadian, O., Heyrati, F.P., Kera-
mat, J., Koutra, E., Kornaros, M., et al., Egypt. J.
Aquat. Res., 2020, vol. 46, pp. 153–158. 
https://doi.org/10.1016/j.ejar.2019.11.003

93. Chu, F.F., Chu, P.N., Cai, P.J., Li, W.W., Lam, P.K.S.,
and Zeng, R.J., Bioresour. Technol., 2013, vol. 134,
pp. 341–346. 
https://doi.org/10.1016/j.biortech.2013.01.131

94. Zhu, S., Wang, Y., Huang, W., Xu, J., Wang, Z., Xu, J.,
et al., Appl. Biochem. Biotechnol., 2014, vol. 174,
pp. 2435–2445. 
https://doi.org/10.1007/s12010-014-1183-9

95. Wang, Z., Luo, F., Wang, Z., Zhou, R., Tang, Y., and
Li, Y., World J. Microbiol. Biotechnol., 2019, vol. 35,
pp. 1–13. 
https://doi.org/10.1007/s11274-019-2682-1

96. Agirman, N. and Cetin, A., Nat. Sci. Discovery, 2017,
vol. 3, pp. 33–38. 
https://doi.org/10.20863/nsd.322614

97. Pal-Nath, D., Didi-Cohen, S., Shtaida, N., Nath, P.R.,
Samani, T., Boussiba, S., et al., Algal Res., 2017,
vol. 26, pp. 25–38. 
https://doi.org/10.1016/j.algal.2017.06.026

98. Atiku, A., Mohamed, R.M.S.R., Al-Gheethi, A.A.,
Wurochekke, A.A., and Kassim, A.H., Environ. Sci.
Pollut. Res., 2016, vol. 23, pp. 24624–24641. 
https://doi.org/10.1007/s11356-016-7456-9

99. Hannon, M., Gimpel, J., Tran, M., Rasala, B., and
Mayfield, S., Biofuels, 2010, vol. 1, pp. 763–784. 
https://doi.org/10.4155/bfs.10.44

100. Procházková, G., Brányiková, I., Zachleder, V., and
Brányik, T., J. Appl. Phycol., 2013, vol. 26, pp. 1359–
1377. 
https://doi.org/10.1007/s10811-013-0154-9

101. Ota, S., Yoshihara, M., Yamazaki, T., Takeshita, T.,
Hirata, A., Konomi, M., et al., Sci. Rep., 2016, vol. 6,
pp. 1–11. 
https://doi.org/10.1038/srep25731

102. Xin, L., Hu, H.Y., Ke, G., and Sun, Y.X., Bioresour.
Technol., 2010, vol. 101, pp. 5494–5500. 
https://doi.org/10.1016/j.biortech.2010.02.016

103. Handbook of Microalgal Culture: Biotechnology and Ap-
plied Phycology, Richmond, A., Ed., Oxford: Black-
well, 2004, pp. 83–93.

104. Tababa, H.G., Hirabayashi, S., and Inubushi, K., J.
Appl. Phycol., 2012, vol. 24, pp. 887–895. 
https://doi.org/10.1007/s10811-011-9709-9

105. Zorin, B., Pal-Nath, D., Lukyanov, A., Smolskaya, S.,
Kolusheva, S., Didi-Cohen, S., et al., Biochim. Bio-
STRY AND MICROBIOLOGY  Vol. 61  No. 3  2025



PROSPECTS FOR THE USE OF ALGAE AND CYANOBACTERIA 485
phys. Acta, Mol. Cell Biol., 2017, vol. 1862, pp. 853–
868. 
https://doi.org/10.1016/j.bbalip.2017.04.008

106. Mulbry, W., Kondrad, S., Pizarro, C., and Kebede-
Westhead, E., Bioresour. Technol., 2008, vol. 99,
pp. 8137–8142. 
https://doi.org/10.1016/j.biortech.2008.03.073

107. Solovchenko, A., Verschoor, A.M., Jablonowski,
N.D., and Nedbal, L., Biotechnol. Adv., 2016, vol. 34,
pp. 550–564. 
https://doi.org/10.1016/j.biotechadv.2016.01.002

108. Hanagata, T., Takeuchi, Y., Fukuju, N., Barnes, D.J.,
and Karube, I., Phytochem., 1992, vol. 31, pp. 3345–
3348. 
https://doi.org/10.1016/0031-9422(92)83682-O

109. Advances in Photosynthesis: Fundamental Aspects, Na-
jafpour, M., Ed., Rijeka: InTechOpen, 2012, pp. 12–
435.

110. Wieser, G., Matyssek, R., Luzian, R., Zwerger, P.,
Pindur, P., Oberhuber, W., et al., Ann. For. Sci., 2009,
vol. 66, pp. 1–22. 
https://doi.org/10.1051/forest/2009023

111. Sushchenko, R.Z., Nikulin, V.Yu., Bagmet, V.B., and
Nikulin, A.Yu., Vavilov J. Gen. Breed., 2024, vol. 28,
no. 7, pp. 706–715. 
https://doi.org/10.18699/vjgb-24-79

112. Park, S., Kim, J., Yoon, Y., Park, Y., and Lee, T.,
Bioresour. Technol., 2015, vol. 198, pp. 388–394. 
https://doi.org/10.1016/j.biortech.2015.09.038

113. Dickinson, K.E., Lalonde, C.G., and McGinn, P.J.,
J. Appl. Phycol., 2019, vol. 31, pp. 3385–3396. 
https://doi.org/10.1007/s10811-019-01880-z

114. Tang, D., Han, W., Li, P., Miao, X., and Zhong, J.,
Bioresour. Technol., 2011, vol. 102, pp. 3071–3076. 
https://doi.org/10.1016/j.biortech.2010.10.047

115. Yoo, C., Jun, S., Lee, J., Ahn, C., and Oh, H., Biore-
sour. Technol., 2010, vol. 101, pp. 71–74. 
https://doi.org/10.1016/j.biortech.2009.03.030

116. Bruland, K.W., Donat, J.R., and Hutchins, D.A.,
Limnol. Oceanogr., 1991, vol. 36, pp. 1555–1577. 
https://doi.org/10.4319/lo.1991.36.8.1555

117. Juneja, A., Ceballos, R.M., and Murthy, G.S., Ener-
gies, 2013, vol. 6, pp. 4607–4638. 
https://doi.org/10.3390/en6094607

118. Terry, N. and Abadía, J., J. Plant Nutr., 1986, vol. 9,
pp. 609–646. 
https://doi.org/10.1080/01904168609363470

119. Greene, R.M., Geider, R.J., Kolber, Z., and Falkow-
ski, P.G., Plant Physiol., 1992, vol. 100, pp. 565–575. 
https://doi.org/10.1104/pp.100.2.565

120. Kobayashi, M., Kakizono, T., and Nagai, S., Appl. En-
viron. Microbiol., 1993, vol. 59, pp. 867–873. 
https://doi.org/10.1128/aem.59.3.867-873.1993

121. Van Leeuwe, M.A. and Stefels, J., J. Phycol., 1998,
vol. 34, pp. 496–503. 
https://doi.org/10.1046/j.1529-8817.1998.340496.x

122. Liu, Z.Y., Wang, G.C., and Zhou, B.C., Bioresour.
Technol., 2008, vol. 99, pp. 4717–4722. 
https://doi.org/10.1016/j.biortech.2007.09.073
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
123. Campanella, L., Cubadda, F., Sammartino, M., and
Saoncella, A., Water Res., 2001, vol. 35, pp. 69–76. 
https://doi.org/10.1016/s0043-1354(00)00223-2

124. Crist, R.H., Martin, J.R., Guptill, P.W., Eslinger, J.M.,
and Crist, D.L.R., Environ. Sci. Technol., 1990,
vol. 24, pp. 337–342. 
https://doi.org/10.1021/es00073a008

125. Carvalhido, V., da Silva, M.B., Santos, M., Tamagni-
ni, P., Melo, P., and Pereira, R., Sci. Total Environ.,
2021, vol. 783, pp. 1–11. 
https://doi.org/10.1016/j.scitotenv.2021.147006

126. Goldman, J.C., Azov, Y., Riley, C.B., and Dennett, M.R.,
J. Exp. Mar. Biol. Ecol., 1982, vol. 57, pp. 1–13. 
https://doi.org/10.1016/0022-0981(82)90140-X

127. Chen, C.Y. and Durbin, E.G., Mar. Ecol. Prog. Ser.,
1994, vol. 109, pp. 83–94. 
https://doi.org/10.3354/meps109083

128. Spilling, K., Brynjólfsdóttir, Á., Enss, D., Rischer, H.,
and Svavarsson, H.G., J. Appl. Phycol., 2013, vol. 25,
pp. 1435–1439. 
https://doi.org/10.1007/s10811-012-9971-5

129. Ying, K., Gilmour, D.J., and Zimmerman, W.B., J.
Microbiol. Biochem. Tech., 2014, vol. 6, pp. 167–173. 
https://doi.org/10.4172/1948-5948.1000138

130. Hansen, P.J., Aquat. Microb. Ecol., 2002, vol 28,
pp. 279–288. 
https://doi.org/10.3354/ame028279

131. Hoham, R.W., Filbin, R.W., Frey, F.M., Pusack, T.J.,
Ryba, J.B., Mcdermott, P.D., et al., Arct. Antarct. Alp.
Res., 2007, vol. 39, pp. 65–73. 
https://doi.org/10.1657/1523-0430(2007)39[65:TO-
POTG]2.0.CO;2

132. Dunaliella, Physiology, Biochemistry and Biotechnolo-
gy, Avron, M. and Amotz, A.B., Eds., Boca Raton:
CRC Press, 1992, pp. 99–133.

133. Sarthou, G., Timmermans, K.R., Blain, S., and Treg-
uer, P., J. Sea Res., 2005, vol. 53, pp. 25–42. 
https://doi.org/10.1016/j.seares.2004.01.007

134. Spijkerman, E., Barua, D., Gerloff-Elias, A., Kern, J.,
Gaedke, U., and Heckathorn, S.A., Extremophiles,
2007, vol. 11, pp. 551–562. 
https://doi.org/10.1007/s00792-007-0067-0

135. Neustupa, J. and Skaloud, P., Biologia, 2008, vol. 63,
pp. 806–812. 
https://doi.org/10.2478/s11756-008-0102-3

136. Gehl, K.A. and Colman, B., Plant Physiol., 1985,
vol. 77, pp. 917–921. 
https://doi.org/10.1104/pp.77.4.917

137. González-Sánchez, A. and Revah, S., Enzyme Microb.
Technol., 2007, vol. 40, pp. 292–298. 
https://doi.org/10.1016/j.enzmictec.2006.04.017

138. González-Sánchez, A., Revah, S., and Deshusses, M.A.,
Environ. Sci. Technol., 2008, vol. 42, pp. 7398–7404. 
https://doi.org/10.1021/es800437f

139. Markou, G., Vandamme, D., and Muylaert, K., Water
Res., 2014, vol. 65, pp. 186–202. 
https://doi.org/10.1016/j.watres.2014.07.025

140. Franco-Morgado, M., Alcántara, C., Noyola, A.,
Muñoz, R., and González-Sánchez, A., Sci. Total En-
l. 61  No. 3  2025



486 SUSHCHENKO, GAYSINA
viron., 2017, vol. 592, pp. 419–425. 
https://doi.org/10.1016/j.scitotenv.2017.03.077

141. Novakovskaya, I.V., Dubrovskiy, Y.A., Patova, E.N.,
Novakovskiy, A.B., and Sterlyagova, I.N., Phycologia,
2020, vol. 59, pp. 320–329. 
https://doi.org/10.1080/00318884.2020.1754736

142. Wiśniewska, K., Sliwińska-Wilczewska, S., Le-
wandowska, A., and Konik, M., Cells, 2021, vol. 10,
pp. 1–19. 
https://doi.org/10.3390/ cells10010103

143. Li, X., Slavens, S., Crunkleton, D.W., and Johannes, T.W.,
Algal Res., 2021, vol. 53, pp. 1–19. 
https://doi.org/10.1016/j.algal.2020.102127

144. Day, J.G., Benson, E.E., Harding, K., Knowles, B.,

Idowu, M., Bremner, D., et al., Cryo Lett., 2005,

vol. 26, pp. 231–238.

145. Benson, E.E., Plant Conservation Biotechnology, Lon-

don: Taylor & Francis, 1999.

Publisher’s Note. Pleiades Publishing remains

neutral with regard to jurisdictional claims in

published maps and institutional affiliations. 

AI tools may have been used in the translation or

editing of this article.
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 61  No. 3  2025


	INTRODUCTION
	BRIEF DESCRIPTION OF THE KAMCHATKA PENINSULA’S CLIMATE
	ECOLOGICAL FACTORS AND ADAPTIVE MECHANISMS OF PHOTOTROPHS
	CONCLUSION: FROM ECOLOGY TO BIOTECHNOLOGY
	REFERENCES

