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ABSTRACT. Agricultural activities in Crimea and Sevastopol lead to contamination of aquatic ecosys-
tems with herbicides, particularly glyphosate. A comparative assessment of the physiological response
of the green microalgae Tetraselmis viridis and Dunaliella salina to glyphosate exposure (0-2100 ug/L)
under optimal (45 uE m? s*) and high (500 uE m? s!) irradiance was conducted. The dynamics of algal
abundance, physio-biochemical parameters of cells (chlorophyll a content, photosynthetic apparatus
efficiency, cell size and granularity, reactive oxygen species production), and the abundance of associ-
ated bacteria were evaluated using microscopy, flow cytometry, and PAM fluorometry. It was found that
glyphosate stimulates the growth of T. viridis and D. salina, which is reflected in high photosynthetic
activity of cells, low oxidative stress levels, and increased biomass production. Under optimal irradi-
ance, T. viridis exhibits growth stimulation at low and intermediate glyphosate concentrations (up to
700 pg/L) and inhibition at high doses. In contrast, D. salina demonstrates exceptional tolerance over a
wide range of herbicide concentrations (up to 2100 ug/L). High irradiance enhances both the stimula-
tory and toxic effects of glyphosate on T. viridis while narrowing the tolerance range of D. salina, reduc-
ing the toxicity threshold of cells to the herbicide. It was shown that glyphosate addition stimulates the
growth of associated bacteria. However, intensive algal growth outpaces bacterial population growth,
indicating direct glyphosate uptake by microalgae as a nutrient source. The ability of both species to
directly metabolize glyphosate and the possibility of controlling their physiological state through light
conditions determine the high potential of these microalgae for application in biological wastewater
treatment systems contaminated with herbicides. The feasibility of using T. viridis for rapid removal of
low to moderate glyphosate doses (up to 700 ug/L) is demonstrated. D. salina can be used for the treat-
ment of waters contaminated with high glyphosate concentrations.
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1. Introduction Valley) (Malakhova et al., 2023). Glyphosate-based her-
bicides are the most common non-selective, post-emer-
gence, broad-spectrum herbicides used worldwide
for controlling annual and perennial weeds in agro-
ecosystems, home gardens, ornamental horticulture,
and aquatic ecosystems (Battaglin et al., 2014). Over
recent decades, there has been a significant increase
in glyphosate consumption, making it one of the most
widely used agrochemicals globally (Mercurio et al.,
2014). The mechanism of action of glyphosate involves

In Crimea and Sevastopol, agricultural activities
impose a significant burden on aquatic ecosystems. The
major rivers of Crimea — the Salgir, Alma, Kacha, and
Chernaya — carry various pollutants into the Black and
Azov Seas, including the coastal waters off Sevastopol.
It has previously been shown that significant amounts
of pesticides and nutrients enter the sea through agri-
cultural runoff, as well as through groundwater flow-
ing beneath intensive farming areas (e.g., the Baydar
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competitive inhibition of the enzyme 5-enolpyruvylshi-
kimate-3-phosphate synthase (EPSPS), which catalyzes
a key reaction in the shikimate pathway of aromatic
amino acid biosynthesis (Romano-Armada and Rajal,
2022).

Currently, the main approaches for pesticide
removal from water bodies include physicochemical
and biological methods. Among physicochemical meth-
ods, adsorption onto porous materials is characterized
by high target compound removal efficiency; however,
it is associated with significant operational costs (Le et
al., 2023). Oxidation and photocatalytic degradation
methods demonstrate high efficacy in the destruction
of organic pollutants but require the use of substantial
amounts of catalysts and chemical reagents, which not
only increases treatment costs but also poses risks of
secondary environmental contamination (Kang et al.,
2012; Tang et al., 2016). Among biological methods,
activated sludge systems are widely used (Liu et al.,
2025).

A promising direction in biological wastewater
treatment is the use of microalgae (Ramanan et al., 2016;
Semple et al., 1999). This approach not only ensures
pollutant removal and carbon dioxide sequestration but
is also characterized by high resource efficiency, which
determines its significant potential (Caceres et al., 2008).
The authors of the study (Caceres et al., 2008) showed
that ten different species of microalgae and cyanobac-
teria are capable of oxidizing the nematicide fenam-
iphos, belonging to the group of organophosphorus
compounds, with Chlorella sp. and Anabaena sp. achiev-
ing 99% detoxification of this compound. The same
research group found that the freshwater microalga
P. subcapitata and the soil alga Chlorococcum sp. accu-
mulate and transform fenamiphos by 100% and 62%,
respectively, suggesting higher efficiency when using
a liquid suspension (Céaceres et al., 2008a). The cya-
nobacterium Anabaena azotica, isolated from rice pad-
dies, exhibited tolerance and bioremediation potential
for y-HCH (Gamma-hexachlorocyclohexane, a prepara-
tion containing 99-100% of this substance, is widely
known as lindane) degradation, removing nearly 50%
of this compound within 5 days (Zhang et al., 2012).
Another study documented a spontaneous mutation
that enabled S. intermedius to acquire lindane resistance
as well as demonstrate potential for its removal from
aquatic systems (Gonzélez et al., 2012). Chlorococcum
sp. and Scenedesmus sp. were found to be capable of
endosulfan degradation both in liquid medium and in
soil (Sethunathan et al., 2004). However, not all algal
species possess the ability to degrade herbicides. As pre-
viously noted in the scientific literature, their responses
to glyphosate exposure show high species specificity
(Wang et al., 2016; Solomonova et al., 2024a). The key
factor in bioremediation of water bodies from glypho-
sate is not merely herbicide-tolerant species, but rather
species capable of utilizing it. Numerous studies have
recorded massive cyanobacterial growth upon glypho-
sate addition to culture media (Chorus and Welker,
2021; Qiu et al., 2013), indicating the potential use of
these microorganisms as degraders. Studies (Vera et al.,
2012; Gattas et al., 2016; Vera et al., 2010; Pizarro et
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al., 2016; Wang et al., 2016) have also demonstrated a
hormetic effect of glyphosate on various phytoplank-
ton representatives, expressed as stimulation of growth
processes at certain concentrations, which can be used
to intensify bioremediation.

Strains of the genus Tetraselmis attract research-
ers’ attention due to their high halo- and eurythermal-
ity, efficient removal of nutrients (Amit et al., 2017),
as well as their ability to accumulate lipids and biolog-
ically active compounds, making them promising for
the circular bioeconomy (Pereira et al., 2018; 2019;
Goswami et al., 2022). These microalgae are success-
fully used for the treatment of various types of waste-
water (urban, municipal, industrial, aquaculture) and
for heavy metal remediation (Naorbe and Serrano,
2018; Pérez-Rama et al., 2002), and the resulting bio-
mass can serve as feedstock for biofuel production
(Goswami et al., 2022). Green microalgae of the genus
Dunaliella can also be used for wastewater treatment
due to their high ability to assimilate nutrients from
the environment (Oren, 2005). Previous studies have
also revealed the potential of Dunaliella biomass as an
alternative to fossil fuels, since under stress conditions
such as nutrient deficiency, these microalgae accumu-
late chemical energy in the form of neutral lipids (tri-
glycerides) (Wijffels and Barbosa, 2010).

However, although representatives of the genera
Tetraselmis and Dunaliella have proven themselves as
effective bioremediation agents, their potential for gly-
phosate degradation and removal remains largely unex-
plored. Meanwhile, the efficiency of pesticide biore-
mediation using microalgae is determined by multiple
factors: the toxicity and concentration of the pollutant,
the nature of contamination (localization), as well as
abiotic environmental parameters — temperature, pH,
light intensity, and water availability — which collec-
tively influence the ability of autotrophic microorgan-
isms to accumulate or transform xenobiotics (Zhang et
al., 2014; Fang et al., 2016). In this regard, identifying
the resistance and bioremediation potential of green
microalgae towards glyphosate represents a relevant
and promising direction requiring further experimen-
tal research, especially in the context of the combined
effects of abiotic environmental factors and anthropo-
genic pollutants.

The main objective of this study is to assess the
resistance and bioremediation potential of microalgae
of the genera Tetraselmis and Dunaliella towards glypho-
sate under optimal and high light intensity, in order to
substantiate the feasibility of their application in tech-
nologies for the tertiary treatment of aquatic environ-
ments contaminated with herbicides.

2. Materials and methods
2.1. Materials and algal incubation

Axenic cultures of the green microalgae
Dunaliella salina (Teod.), strain IBSS-1, and Tetraselmis
viridis (Rouchijajnen) R.E. Norris, Hori & Chihara were
obtained from the Collection of Living Cultures of
Marine Planktonic Microalgae of the Joint Use Center
“Hydrobionts of the World Ocean” (WDCM No. 1201) at
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the A.O. Kovalevsky Institute of Biology of the Southern
Seas of RAS (IBSS). Prior to the experiment, the cul-
tures were in the stationary growth phase, which made
it possible to assess the ability of D. salina and T. viridis
to grow using glyphosate as the sole nutrient source.
During the experiment, microalgae were cultivated in
pure sterile seawater without the addition of nutrient
medium. For this purpose, water from the open part
of the Black Sea (salinity 18%o) was used, which was
pre-filtered through Whatman glass fiber filters (GF/C)
(Sartorius Stedim Biotech, France) with a pore diame-
ter of 1 um and sterilized three times at 85°C. The ini-
tial cell density in all experimental variants was 28 x
10* cells/mL. The microalgae were cultivated at opti-
mal (45 uE m? s*) and high (500 pE m™2 s™) light inten-
sities, a temperature of 20°C, and a light:dark cycle of
14:10 hours. A light panel with cool-white LEDs was
used to illuminate the flasks. Light intensity was mea-
sured using a 4t quantum scalar irradiance sensor (QSL
2101, Biospherical Instruments Inc., USA). Cultures
were aerated using aquarium compressors, and the pH
of the culture medium was 8.2-8.5.

2.2. Experimental procedures

During the experiments, the effect of the herbi-
cide glyphosate on the growth, cytometric and fluo-
rescent parameters of D. salina and T. viridis was stud-
ied. Technical-grade glyphosate (CAS 1071-83-6, 95%
purity) obtained from Hubei Novcare Pharmaceutical
Co., Ltd. (China) was used to prepare toxicant solu-
tions. Glyphosate was added to the experimental flasks
at concentrations of 350, 700, 1050 (for T. viridis only),
1400, and 2100 pg/L. The selection of concentrations
was based on the results of preliminary experiments
that allowed us to establish the range of toxic action of
the herbicide (Solomonova et al., 2024a; Solomonova
et al., 2024b). Microalgae cultivated without glypho-
sate were used as a control. Each experimental variant
was performed in triplicate. After glyphosate addition,
the microalgae were cultivated in batch mode under
two light intensities for 6 days.

2.3. Analytical methods

Cytometric analysis of samples. The abun-
dance of microalgae in the samples was determined by
flow cytometry based on forward light scattering (FS)
and red chlorophyll autofluorescence of individual cells
(FL4, 655 nm). Sample analysis was performed on a
MACS Quant Analyzer flow cytometer (Miltenyi Biotec,
Germany) at the Joint Use Center “Spectrometry and
Chromatography” of the FRC IBSS. Data processing
was carried out using FCS Express 7 Research Edition
software.

Reactive oxygen species (ROS) production was
assessed by measuring the fluorescence of 2’,7’-dichlo-
rodihydrofluorescein diacetate (H2DCF-DA; Merck,
Germany) on cytograms based on forward light scat-
tering (FS) and cell fluorescence at a wavelength of
525 nm. The autofluorescence of D. salina and T. viridis
cells in this spectral region was subtracted beforehand.
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Staining of microalgae was performed for 35 minutes in
the dark after adding 5 pL of H2DCF-DA working solu-
tion (5 mg mL™) per 1 mL of culture suspension imme-
diately before measurement (Wang and Joseph, 1999).

Bacterial abundance was determined in samples
stained with SYBR Green I (Molecular Probes, USA) by
gating the cell population on two-parameter cytograms
of forward light scattering (FS) and SYBR Green I fluo-
rescence in the green spectral region (FL1 channel, 525
nm) on dimensionless logarithmic scales. Staining with
SYBR Green I was performed in the dark for 40 minutes
immediately before measurement according to Marie
et al. (1997).

PAM fluorimetry method. Fluorescence mea-
surements of the microalgal pigment complex were per-
formed using a pulse-amplitude modulation fluorime-
ter “Mega-25m” (LLC “Gene and Cell Therapy,” Russia)
with excitation light at a wavelength of 455 nm. A
detailed description of the methodology and charac-
teristics of this fluorimeter is presented in Pogosyan et
al. (2009). The efficiency of photosynthetic apparatus
operation after dark adaptation of cells (Fv/Fm) was
calculated using the formula:

Fv  Fm-Fo

Fm Fm
where Fo is the chlorophyll a fluorescence level with
open reaction centers, and Fm is the maximum chloro-
phyll a fluorescence level with closed reaction centers.

The relative maximum electron transport rate of
photosystem II at a light intensity of I = 500 uE m?2 s
and an exposure duration of 40 s was calculated using
the formula:

Fm'-Fo'
Fm'
where Fm’ is the maximum chlorophyll a fluorescence
under continuous illumination, and Fo’ is the minimum
(baseline) chlorophyll a fluorescence under continuous

illumination.

Statistical analysis. Statistical data process-
ing was performed using Microsoft Office and Golden
Software Grapher-16 software. Data points in the
graphs and table represent mean values of three repli-
cates. Bars indicate standard deviations of the obtained
values. The significance of differences between samples
was assessed using Student’s t-test at p < 0.05.

rETR = I,

3. Results and discussion

3.1. Comparative analysis of the effect of
glyphosate on the growth of T. viridis and
D. salina and their associated microflora
under different light intensities

The combined effect of the herbicide glyphosate
(0-2100 ug/L) and light intensity (optimal / high light)
on the population dynamics of the microalgae T. viridis
and D. salina was assessed. In control samples (0 pg/L
glyphosate) under optimal light conditions, T. viridis
showed a decrease in cell abundance from 28 x 10*
cells/mL to 12 x 10* cells/mL by day 6 of cultivation,
while D. salina decreased from 28 x 10* cells/mL to 25
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x 10* cells/mL. This is due to the transition of the cul-
tures into the stationary growth phase, which is accom-
panied by subsequent algal degradation resulting from
nutrient depletion in the medium. When microalgae
were grown under high light intensity, the cell abun-
dance of T. viridis decreased to 7.2 x 10 cells/mL by
day 6, whereas D. salina decreased to 15 X 10* cells/
mL. This result indicates greater resistance of D. salina
to high light intensity, which is consistent with previ-
ously published data (Borovkov et al., 2020).
Glyphosate addition at concentrations of 350-
1050 ug/L under optimal light conditions induced
hormetic growth of T. viridis cells. The maximum
increase in cell abundance (75.2 x 10* cells/mL)
was observed at 700 ug/L glyphosate. At a pollutant
concentration of 350 ug/L, this value reached 33 X
10* cells/mL, and at 1050 pg/L — 54 X 10* cells/mL
(Fig. 1a). Increasing the light intensity to 500 uE m? s
shifted the hormetic effect to lower glyphosate concen-
trations: the maximum increase in T. viridis abundance
(85 x 10* cells/mL) was achieved at 350 pg/L glypho-
sate, which is 13% higher than the value under optimal
light conditions (Fig. 1c). At 700 ug/L glyphosate, the
maximum culture abundance was 52 x 10* cells/mL,
which is 34% lower than the values at the same herbi-
cide concentration under optimal light conditions. At
1050 pg/L herbicide, conversely, a gradual decline in
culture suspension density to 25 X 10* cells/mL was
observed by day 6 of the experiment. High glyphosate
doses (1400 and 2100 pg/L) exerted acute toxic effects
on T. viridis growth. The severity of the effect increased
with increasing light intensity. Under optimal light
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conditions, T. viridis abundance decreased to 0.2 x 10*
cells/mL and to 0 by day 6 at 1400 and 2100 pg/L
glyphosate, respectively. Under high light intensity
(500 pE m2 s1), culture death at both concentrations
occurred as early as day 3 of the experiment. Thus,
increased light intensity enhances both the stimulatory
effect of moderate herbicide concentrations (likely due
to more active metabolism and phosphorus utilization
from glyphosate) and the toxicity of high doses.

D. salina also exhibited growth stimulation upon
glyphosate addition. Under optimal light conditions,
high cell resistance to elevated herbicide concentra-
tions was observed. At 1400 and 2100 pg/L, the cul-
ture abundance reached 81 and 93 x 10* cells/mL,
respectively, by day 6 (Fig. 1b). At 350 and 700 pg/L
glyphosate, the growth increase of D. salina was signifi-
cantly lower, reaching 58-65 x 10* cells/mL. Under
high light intensity, the growth dynamics of D. salina
changed substantially. The absolute maximum increase
in cell abundance (91 x 10* cells/mL) was observed at
1400 pg/L glyphosate. Meanwhile, at 2100 pg/L, cul-
ture elimination was observed (Fig. 1d). At concentra-
tions of 350 and 700 pg/L, D. salina abundance reached
maximum values of 47 and 63 x 10* cells/mL, respec-
tively, as early as day 2 of the experiment. Upon further
cultivation under these conditions, a decrease in this
parameter to 21-23 X 10* cells/mL was observed by
day 6. This result indicates that the stimulatory effect
of moderate herbicide doses under light stress condi-
tions is preserved but occurs more rapidly due to the
higher growth rate of the cells.

120 4 (b)

100
80
60

40

Cell abundance (10%) cells/mL

Days

—
19
(=}

(d)

90 200
2 z
= 30 T
. 80
3 0 = -72 LK)
g 60 .‘3_0 60 m3350
T 50 39 2 1700
g =700 <
£ 40 el £ 40 1400
< A 3
z 30 102 c "2100
Z 3 MILH00 Z20 -
Z 10 =2100 =
v

0 T O 4

0 9 3 5 6 0 » 5 6

3
v
Days Days

Fig.1. Effect of glyphosate on changes in cell number of T. viridis (a, ¢) and D. salina (b, d). a, b — light intensity of
45 uE m?s?; ¢, d - light intensity of 500 uE m™ s'. Bars show the mean (n = 3) cell density (cells/mL) in the control sample and
for each evaluated glyphosate concentration (ug/L). Error bars represent the standard error.
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Thus, glyphosate exerts a stimulatory effect on
the growth of both cultures —T. viridis and D. salina.
At the same time, D. salina demonstrates higher resis-
tance to high herbicide concentrations. Light intensity
acts as a key modulator of algal sensitivity: elevated
light intensity accelerates metabolic processes, thereby
potentiating both the stimulatory and toxic effects of
glyphosate.

Obviously, the observed hormesis effect in T.
viridis and D. salina is related to their ability to use
glyphosate as a source of mineral nutrition, as has
been previously shown for other species of phototro-
phic microorganisms (Marsalek and Rojickova, 1996;
Qiu et al., 2013). It is known that many microalgae
can utilize dissolved organic phosphorus compounds
through hydrolysis by extracellular enzymes, such as
alkaline phosphatase (Dyhrman and Ruttenberg, 2006).
Some microalgal species actively synthesize and release
these enzymes into the environment when inorganic
phosphate is deficient (Dabney and Patifio, 2018).
Phosphatases hydrolyze the ester bond in organic
phosphorus molecules and cleave inorganic phosphate
(PO,*) from the organic molecule. The released inor-
ganic phosphate is then transported into the cell via
specific transporter proteins (Wang et al., 2024). This
key adaptation allows algae to survive under conditions
of inorganic phosphate (PO,*) deficiency, which is the
preferred form of phosphorus for most algae (Harke
and Gobler, 2013). In previous reports, we have shown
an increase in the cell abundance of the dinoflagellates
Prorocentrum cordatum and P. micans and the hapto-
phyte Isochrysis galbana upon glyphosate addition to
the medium (Solomonova et al., 2024a; Solomonova
et al., 2024b). It was determined that the strategy for
utilizing the herbicide is not universal among different
algal species. For example, P. cordatum is capable of
growing using glyphosate as the sole source of phos-
phorus immediately after it enters the medium. In con-
trast, P. micans utilizes phosphorus from glyphosate
after its mineralization by bacteria (Solomonova et
al., 2024a). The stimulation of microalgal growth by

glyphosate has also been previously reported in (Wang
et al., 2016; Zhang et al., 2016; Dabney and Patifio,
2018). The authors also explain the observed effect by
the phosphorus content in glyphosate, which is neces-
sary for algal growth.

To elucidate whether the hormesis effect in T.
viridis and D. salina is due to direct uptake of glyphosate
as a nutrient substrate or its mineralization by bacte-
rial microflora, we determined the bacterial abundance
in the cultures under optimal light conditions. The
results are presented in Table 1. In the control sam-
ple, the bacterial abundance in the T. viridis culture
reached a maximum (4.66 +0.4 million cells/mL) on
day 3 of the experiment. For D. salina, steady growth
of the bacterial microflora was observed throughout
the experiment, reaching 9.1 +0.3 million cells/mL on
day 9. The observed increase in bacterial abundance
in the cultures is associated with the transition of the
algae into the stationary growth phase, which is a well-
known fact (Kharchuk et al., 2022).

For T. viridis at a glyphosate concentration of
350 pg/L, which stimulated algal growth, the bac-
terial abundance in the culture did not significantly
differ from the control throughout the experiment. At
700 pg/L, bacterial abundance already significantly
exceeded the values in the control sample. At 1400-
2100 pg/L of the herbicide, the bacterial count in the
culture media was twice as high as the control values,
which is evidently due to the elimination of algal cells
at these herbicide concentrations. A similar result was
obtained for D. salina. A significant increase in bacterial
abundance in the culture was observed at glyphosate
concentrations above 700 pg/L. In contrast, hormetic
algal growth was already observed at 350 pg/L.

Thus, glyphosate addition stimulated bacterial
development in both cultures, and the effect intensified
with increasing herbicide concentration. The obtained
results confirm that a portion of glyphosate is miner-
alized by bacteria, but this process takes time ( Sun et
al., 2019; Singh et al., 2020). Since algal growth was
observed immediately after the herbicide addition, and

Table 1. Effect of glyphosate on bacterial abundance in the culture suspension under optimal light intensity of 45 pE m? s™

Concentration, Tetraselmis viridis, days
ug/L 0 2 3 5 6
0 1.5+0.2 1.9+0.2 4.7+0.4 4.3+0.5 4.7+0.2
350 1.5+0.2 2+0.1 5.5+0.4 4.4+0.4 5.4+0.2
700 1.5+0.2 3.2+0.2 7.2+0.6 6.2+0.6 6.5+0.5
1400 1.5+0.2 3.4+0.1 7+x1.1 7.1+0.8 7.3x0.7
2100 1.5+0.2 4.5+0.5 8.1x+1.4 8.3+0.8 9.6*+0.6
Dunaliella salina, days
0 2 3 5 6
0 2.2+0.16 3.2+0.4 5.8+0.7 7.1x0.9 9.1+0.3
350 2.2+0.16 3.5+0.12 6.3+0.81 8.3+x0.7 10.1x1.1
700 2.2+0.16 4.2+0.17 8.3+£0.62 89x1 10.7+0.9
1400 2.2+0.16 5.1+0.2 8.8+1.07 9.7+0.9 12.1+1.2
2100 2.2+0.16 5.9+0.4 9.1x1.2 13+1.2 13.9x1.5
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at 350 pg/L bacterial activity did not differ from the
control, we believe that at the initial stage, the algae
utilize glyphosate directly. At later growth stages, com-
bined nutrition likely occurs: the algae consume both
inorganic phosphorus resulting from mineralization
and the organic phosphorus of glyphosate.

3.2. Effect of glyphosate on the
physiological and biochemical parameters
of the microalgae T. viridis and D. salina
under different light intensities

Tetraselmis viridis.

Analysis of the physiological and biochemical
parameters of T. viridis after 72 hours of cultivation
without glyphosate addition showed that increasing
light intensity from 45 to 500 uE m™2 s exerts a mod-
erate photoinhibitory effect on the cells (Table 2). A
decrease in chlorophyll content per cell (FL4) by 13%,
a significant reduction in the quantum efficiency of
photosynthesis (Fv/Fm) to 0.56 relative units, and
an increase in reactive oxygen species production
(D,CFH-DA fluorescence) by 30% were observed. Cell
volume did not change, whereas their granularity sig-
nificantly increased. The side scatter (SS) parameter,
characterizing intracellular “complexity,” increased
by 38%, indicating substantial changes in intracellular
morphology.

Changes in the physiological and biochemical
parameters of cells under glyphosate exposure cor-
related with the growth characteristics of the algae.
At herbicide concentrations that stimulated growth
(350-700 pg/L), the physiological parameters of the
cells improved compared to the control under both
optimal and high light intensities (Table 2). In particu-
lar, a marked reduction in ROS production (by a factor
of 2-7) and an increase in cell photosynthetic activity
were observed. Fv/Fm values of 0.6-0.7 relative units
indicate highly efficient photochemical conversion and
the absence of significant physiological stress in the
cells at these glyphosate concentrations (Maxwell and
Johnson, 2000).

At 1400 and 2100 pg/L, the inhibitory effect
of glyphosate on growth was accompanied by a dete-
rioration in cellular parameters. Under optimal light
intensity, signs of acute toxic effects were observed in
the algae: a decrease in photosynthetic activity (Fv/
Fm = 0.47-0.53 relative units, rETR = 0.12-0.16 rel-
ative units), an increase in ROS production (2-3 times
higher than the control), a decrease in specific chloro-
phyll content, and an increase in cell granularity (SS
= 43-49 relative units). Increasing the light intensity
enhanced the toxic effect of the herbicide on the algae.
Thus, at 1400 pg/L glyphosate and a high light intensity
of 500 uE m? s, a critical depression of photosynthe-
sis was observed in T. viridis: Fv/Fm decreased to 0.41
relative units, and rETR to 0.11 relative units. At the

Table 2. — Effect of glyphosate on the physiological and biochemical parameters of Tetraselmis viridis and Dunaliella salina at
a light intensity of 45 uE m? s (blue numbers) and 500 pE m™ s (red numbers) after 72 hours of cultivation. Data are presented

as mean *+ standard error (SE).

Glyphosate FL4 FS SS Fv/Fm rETR. r.u. | D2CFH-DA. r.u.
ugL-?! r.u. r.u. r.u.
Tetraselmis viridis
0 112+3 202 302 0.61 0.2 110x12
98=+5 21+2 48=+5 0.56 0.16 158 +17
350 1135 22+3 28+1 0.65 0.22 56+7
93+7 23+2 71+7 0.68 0.17 23+3
700 126 +4 21+3 26+0.7 0.7 0.21 19+1
88+5 23+3 32+4 0.6 0.17 29+4
1400 110x7 22+2 43+0.5 0.53 0.16 210+11
81+4 27+3 51+3 0.41 0.11 348+13
2100 100x9 22+3 49+0.7 0.47 0.12 311x10
Dunaliella salina
0 52+5 19+3 47 x5 0.72 0.19 107 =10
34+3 21+2 57+7 0.52 0.12 138+15
350 54+9 21+3 45+4 0.69 0.18 95+8
302 20+3 52+8 0.56 0.13 190 +22
700 56+6 21+3 40+3 0.7 0.17 85+7
38+3 21+2 50+5 0.56 0.15 240x17
1400 58+5 19+3 40+3 0.68 0.17 23*3
465 22+3 44+6 0.63 0.15 42+5
2100 58+7 212 38+2 0.66 0.13 19+2
48+ 3 29+3 80+9 0.26 0.05 264 +22

Note: D,CFH-DA — fluorescence of D,CFH-DA at 525 nm wavelength, reflects the production of reactive oxygen species
(ROS) in cells; FL4 — autofluorescence of chlorophyll a per cell at 680 nm wavelength; FS — forward scatter (cell volume); SS —
side scatter (granularity); Fv/Fm — efficiency of light energy use by the photosystem II photosynthetic complex; rETR — relative

electron transport rate; r.u. — relative units.
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same time, D,CFH-DA fluorescence, which is propor-
tional to ROS production in the cells, sharply increased
to 348 =13 relative units. At a glyphosate concentra-
tion of 2100 pg/L and high light intensity, algal death
was observed.”

Dunaliella salina.

The lighting regime during cultivation caused
pronounced differences in the physiological parame-
ters of D. salina, which were associated with cell pho-
toacclimation processes. In particular, after 72 hours of
growth at high light intensity without glyphosate addi-
tion, a decrease in cellular chlorophyll content, quan-
tum efficiency of photosynthesis, and relative electron
transport rate by a factor of 1.4-1.6 was observed. A
tendency toward increased cell granularity (SS) and
ROS production was noted, indicating moderate oxi-
dative stress and activation of antioxidant defense
mechanisms.

At 350 and 700 pg/L, despite hormetic cell
growth, their physiological parameters did not differ
significantly from the control. Only an increase in ROS
production at high light intensity was observed. The
best physiological parameters of the cells were observed
at 1400 pg/L glyphosate. Under both optimal and high
light intensities, the cells were characterized by high
photosynthetic activity (Fv/Fm = 0.63-0.68 r.u., rETR
= 0.15-0.17 r.u.), high specific chlorophyll content
(FL4 = 46-58 r.u.), low cell granularity (SS = 40-44
r.u.), and low ROS production (D,CFH-DA fluorescence
was recorded in the range of 23-42 r.u.). These data
indicate that a high concentration of glyphosate cre-
ates favorable conditions for the growth of D. salina. At
2100 pg/L and optimal light intensity, the resistance
of D. salina to herbicide exposure was maintained:
FL4 remained at 58.7 * 7.0 r.u., Fv/Fm at 0.66 r.u.,
rETR at 0.13 r.u., and ROS production remained low
(19 £ 2 r.u.). Under high light intensity, conversely,
critical inhibition of cell physiological parameters was
observed. Fv/Fm and rETR values decreased to 0.26
and 0.05, respectively, indicating almost complete sup-
pression of photosynthesis. At the same time, ROS gen-
eration increased many times over, reaching 264 =22
r.u., indicating a rapid increase in oxidative stress and
insufficiency of cellular compensatory mechanisms.

The results of the study showed that both algal
species have a high bioremediation potential, as they
are capable of removing glyphosate from the medium
and using it as a nutrient substrate for growth. However,
the efficiency of herbicide removal varies depending on
the abiotic conditions of algal cultivation. The obtained
data indicate a complex interaction between light
intensity and herbicide load. Light acts as a modulator
of cellular metabolic activity: at moderate glyphosate
concentrations, high light intensity enhances growth
stimulation in T. viridis, whereas at high concentra-
tions, light stress potentiates the toxic effect of the her-
bicide, reducing the lethal threshold for both species,
but to a greater extent for T. viridis. D. salina demon-
strates the ability to remove high concentrations of the
herbicide (1400-2100 pg/L) from the medium, which
exert acute toxic effects on T. viridis. These differences
are important to consider when developing technolo-
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gies for the post-treatment of waters contaminated with
herbicides. The results indicate the feasibility of using
T. viridis for the rapid removal of low and moderate
doses of glyphosate (up to 700 pg/L), whereas D. salina
is more effective for the removal of high concentra-
tions. Furthermore, the presented data underscore the
necessity of considering abiotic factors in the environ-
mental forecasting of the consequences of glyphosate
pollution in water bodies.

4. Conclusion

Glyphosate stimulates the growth of T. viridis and
D. salina, which is expressed in high photosynthetic
activity of the cells, low levels of oxidative stress, and
increased biomass. The observed hormesis effect is asso-
ciated with the ability of the algae to use glyphosate as
a source of mineral nutrition, making them potential
targets for bioremediation of waters contaminated with
the herbicide. Light intensity acts as a key modulator of
algal sensitivity to the pollutant: increased light inten-
sity accelerates metabolic processes in the cells, poten-
tiating both the stimulatory and toxic effects of gly-
phosate. The feasibility of using T. viridis for the rapid
removal of low and moderate doses of glyphosate (up
to 700 ug/L) has been demonstrated. D. salina, in turn,
is characterized by a wider amplitude of adaptation to
the combined effects of herbicide load and light stress,
which allows this species to be used for the removal of
high concentrations of glyphosate from waters.
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noreuuua/_\ 3EACHLIX MHKPOBOAOPOCACH [ IMNOLOGY
Tetraselmis viridis v Dunaliella salina paa oA TER
6uopemeanauun BOAHON 3KOCUCTEMbI OT BIOLOGY

opraHodocdopHoro repbuumupa rnmgpocarta — —

Conomonosa E.C.*, Illoman H.10., AkumoB A.U., BopoBkos A.b.

DedepatbHoe cocydapcmaeHHoe 6r00cemHoe yupedxcOeHue Hayku DedepastbHblil uccsredosamestbekull yeHmp “HHcmumym 6uostocuu
10cHbIX Mopeti um. A.O. Kosatedckoeo Poccutickoti akademuu Hayk”, Cegacmono.ts, Poccus

AHHOTAIIHUS. CesibcKOXO035AMCTBEHHAs NesATeabHOCTh B KppiMy 1 CeBacToIoJie MPUBOAUT K 3arpsA3He-
HUIO BOAHBIX KOCHUCTEM repbunugaMu, B yacTHoCTU rimdocaroM. [IpoBefieHa cpaBHUTEIbHASA OLleHKA
(HU3MOIOrNYECKOTO OTKJIMKA 3eJIEHBIX MUKpOBogopociiei Tetraselmis viridis  Dunaliella salina Ha BO3-
nerctBue rimdocara (0-2100 MKr/j1) B yCJIOBUAX ONTUMAJIBHOM (45 MKD M2 ¢1) u Beicokon (500 Mk
M2 ¢1) ocBeméHHOCTAX. OllfeHeHa JUHAMUKA YMCIIEHHOCTU BOJIOPOCJIEH, (GU3HUO0JIOT0-0HOXUMUYECKHE
IapaMeTphl KJIeTok (cofepxaHue xjopodusia a, 53¢pPekTUBHOCTbh paboThl POTOCMHTETUYECKOTO almna-
para, pasMephl 1 T'paHyJIAPHOCTb, NPOAYKINA aKTUBHBEIX ()OPM KHCJIOPOJA) M YMCJIEHHOCTH acCoIy-
HMpOBaHHBIX OaKTepuil C KCIOJIb30BaHWEM MeTOAOB MHKPOCKOIMU, IPOTOYHOM nuromeTpuu u PAM-
dayopomeTpuu. YCcTaHOBJIEHO, UTO TyiHdocaT ctumyaupyet poct T. viridis u D. salina, 4To BeIpaxkaeTcs
B BBICOKOI (POTOCUHTETHYECKOM aKTUBHOCTHU KJIETOK, HU3KOM YpOBHE OKHCJIUTEJIBHOIO cTpecca U yBe-
JuyeHnn 6momaccsl. IIpu ontuManbHOU ocBemeHHOCTH y T. viridis HaGiomgaeTcss CTUMYJIANNS pocTa
IIpM HU3KUX U CpeJHUX KOHIleHTpauusax riaudocara (o 700 MKr/JI) U yrHeTeHHe IIPU BEICOKUX A03aX.
D. salina, HanpoTUB, MPOSIBJIAET UCKIIOUUTEIbHYI0 YCTOMYMBOCTD B MIMPOKOM AHMana3oHe KOHI[eHTpa-
1y repournaa (o 2100 Mxr/J1). Beicokas 0CBEmEHHOCTD YCUJIUMBAET KaK CTUMYJIMpPYIolee, TaK U TOK-
cuyeckoe JerictBue raudocata Ha T. viridis, a ays D. salina cyxaeT Juana3oH TOJIEPAHTHOCTH, CHUXKAA
IIOpOr' TOKCMYHOCTU KJIETOK K repounufy. IlokazaHo, uto gob6asseHue riandocaTta CTUMYJIUPyeT PoCT
acconuMpoBaHHBIX OakTepuii. OQHAKO MHTEHCHBHOE pasBUTHE BOJOPOCJIEH ollepexaeT pocT OakTepu-
aJIbHOM MOIYJIAMHN, YTO yKa3biBaeT Ha NpsaMoe NoTpebieHue rimdocaTa BOAOPOCIAMU KaK UCTOYHHKA
nutanug. Cnoco6HOCTh 000UX BHUIOB K MpAMOMY MeTaboiau3My riudocara U BO3MOXHOCTb yIpasJie-
HUA UX COCTOSHHEM 4Yepe3 CBeTOBOM peXUM OINpefeJiAioT BBICOKWM NOTEeHIMas INpUMeHeHUsA AaHHBIX
BUJIOB BOAOPOCJIEN B cUCTeMax OMOJIOTMYECKOM OUMCTKY CTOYHBIX BOJ OT TepOUIMIHBIX 3arpsA3HEeHUN.
[ToxazaHa 1estecoo6pasHocTh npuMeHeHus T. viridis ays 6BICTPOro yaasieHus: HU3KUX U YMepEHHBIX 103
raudocaTa (qo 700 Mkr/ur). D. salina MOXeT UCIOJIb30BAThCA IS OYMCTKH BOJ OT BBICOKHAX KOHIIEHTpPA-
1y raudocara.

Kitiouegsie ctoga: repobunyiibl, riavudocar, MUKpOBOAOPOCIU, OriopeMeauarus, ToOpMe3rUCHBIN poCT
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1. Beepenne WHTEeHCUBHOro 3emJiefienus (Hanpumep, baiimapckas

JI0JIMHA), B MOpE MOCTYMaloT 3HAaYUTEJIbHbIE KOJIUYe-
CTBa IMeCTUIUI0B 1 broreHHbIx 3j1eMeHToB (Malakhova
et al., 2023). T'epbunuasl Ha OCHOBe riudocaTa mpen-
CTaBJIAIOT c0O0I HanuboJIee pacrpocTpaHeHHbIE B MUPO-
BOH TPaKTHKe HeCeJIeKTUBHBIE TOCJIEBCXOOBBIE TeEp-
OUITMIBI IIUPOKOTO CIIEKTpa AEHCTBUS, MPUMEHsAEMbIE
JUI. KOHTPOJISL OJTHOJIETHUX Y MHOTOJIETHUX COPHBIX
pacTeHUIl B arporeHo03ax, MpUycajaeOHbIX U JeKopa-
TUBHBIX CaJOBOJICTBAX, a TAKXE B BOAHBIX 3KOCHCTEMAX

B Kprimy u CeBacTomnojie CejIbCKOXO35HCTBEH-
HasA JeATeJIbHOCTh cOo3haeT 3HAUWTEJIbHYI0 HarpysKy
Ha BOoAHBIEe 3KocucTeMbl. OCHOBHBIe peku Kppima —
Canrup, Ansma, Kaua u YépHasa — HecyT pasIMYHOIO
poaa 3arpsasHuTesniu B UepHoe u A30BCKOe MOpsl, BKJIIO-
yas akBaTopuio y nobepexnsa CepacTomnosis. Panee ObL10
MOKa3aHo, YTO Yepe3 CeJIbCKOXO3SMCTBEHHBIN CTOK, a
TakXe I0J3eMHbIe BOABI, IIPOXOJAlMe N0 palioHaMu

*ABTOp 1A nepenucky. Anpec e-mail: solomonov83@mail.ru (E.C. CosioMOHOBa)
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(Battaglin et al.,, 2014). B TeueHue MOCJIENHUX HECA-
TUJIeTUl HaOJoasicsd 3HAYMTEIbHBIN POCT 0OBEMOB
notpebJiieHus riaudocara, YTO MO3BOJIUJIO eMy 3aHATh
MO3ULUI0 OJHOr0 U3 HauboJiee BOCTpeOOBaHHBIX arpo-
XMMUKaTOB B IrjiobajnbHOM Macmtabe (Mercurio et al.,
2014). MexaHu3Mm AeiicTBus riaudocara 3aKjoyaeTcsa B
KOHKYPEeHTHOM HMHrubupoBaHuu depMeHTa 5-eHOJINU-
pyBunmukuMart-3-pocdarcunrasel  (EPSPS), kartanu-
3UpYyIOILero OOHY U3 KJIIOUEBBIX PeakIivil B MINKUMAT-
HOM NIyTH OMOCHMHTe3a apoMaTU4eCKUX aMHUHOKHCJIOT
(Romano-Armada and Rajal, 2022).

B Hacrosiee BpeMs OCHOBHBIMHM NOAXOOaMU
K yJaJieHUI0 NeCcTUIMJ0B U3 BOJHBIX OOBEKTOB fBJIA-
0Tcs GU3MKO-XUMHUUecKUe U OUoJIorhnyeckre MeTO/bl.
Cpemu GU3MKO-XUMUYECKUX CIIOCOOOB afcopOLusa Ha
MOPUCTBHIX MaTepuajlaX XapaKTepusyeTcsi BBICOKOI
3 deKTUBHOCTHIO SJIMMUHALNU 1[eJIEBBIX COeIMHEeHNN],
OIHAKO COTpsXeHa CO 3HAYMTEJbHBIMU 3KCILIyaTalu-
oHHbiMM 3aTpaTamu (Le et al., 2023). MeTonabl OKHC-
JeHusA U (PoToKaTaJIUTUYECKON Jerpagaiuu AeMOH-
CTPUPYIOT BBICOKYIO Pe3yJIbTATUBHOCTh B OTHOIIEHUU
JEeCTPYKLUM OpraHuvyeckux IOJUTIOTAaHTOB, HO Tpe-
OyI0T HpUMeHeHHs 3HauyuTeJIbHBIX KOJINYeCTB KaTa-
JIM3aTOPOB U XMMHUYECKUX peareHTOB, YTO He TOJIbKO
MOBHIIAET CTOUMOCTh 00paboTKU, HO U HECET PUCKU
BTOPUYHOTO 3arpsi3HeHUs OKpyxatomell cpennl (Kang
et al., 2012; Tang et al.,, 2016). Cpegu GuoJiormuye-
CKUX METOOB IIMPOKOe paclpocTpaHeHMe MOJTyYUIn
cucTeMbl ¢ akTuBHBIM myioMm (Liu et al., 2025).

[lepciekTUBHBIM HampaBJjieHHUeM OuoJiormuye-
CKOM OYMCTKH CTOYHBIX BOJ SBJISAETCA HCIIOJIb30BaHUE
MuKkpoBogopocJieii (Ramanan et al., 2016; Semple et
al., 1999). auubiii noaxon oGeclieurBaeT He TOJIBKO
yIajieHue 3arps3HsA0IINX BellecTB, HO U CeKBeCTPaLUIo
YIJIEKUCJIOr0 Ta3a, a Takke XapaKTepu3yeTcs BBICO-
Kol pecypco3dPeKTUBHOCTBIO, YTO O0O0YyCJIOBJIUBaeT
ero 3HauuTeJbHbIN moTeHnman (Caceres et al., 2008).
ABTopamu B pabote (Caceres et al., 2008) 6bu10 TIOKa-
3aHO, YTO JECATh PA3JIMYHBIX BHU/I0B MUKPOBOLOPOC/IEN
U 1IMaHobaKTepHii CHIOCOOHBI K OKMCJIEHUI0 HeMaToI1a
dpenamudoca, oTHocAmeroc K rpyrre ¢ocdopoprasu-
YecKUX coequHeHuH, mpu 3Tom Chlorella sp. u Anabaena
sp. obecrneunBaIM AeTOKcUKaluio 99% AaHHOro Belle-
cTBa. JTa Xe uccijiefjoBaresbckas rpynmna yCcTaHOBUIIA,
YTO MPECHOBOAHAA MHKPOBOAOpPOCIb P. subcapitata, a
TaKXe MOYBeHHasA Bomopociib Chlorococcum sp. Haka-
mwiMBawT U TpaHchopmupywT deHamudoc Ha 100%
U 62% COOTBETCTBEHHO, UYTO MO3BOJIAET IIPEANoJIo-
KUTh Oojiee BBICOKYHI0 3(D@HEKTUBHOCTh IPU HCIOJIb-
30BaHUM Xuakou cycneHsuu (Caceres et al.,, 2008).
ITuano6akrepus Anabaena azotica, BeiieJIEeHHas C pUCO-
BBIX IIOJIel, MpOsBUJIa TOJIEPAHTHOCTh U MOTEHIMaJI
Kk OuopemenuanuoHHon pAerpagauuu y-I'XUD' (ram-
Ma-TeKcaxJIOpI[UKJIoreKcaHa, Ipenapar, CoJepamuil
99-100% sTOro BellecTBa, MUPOKO U3BECTEH KaK JIMH-
naH), yaansas noutu 50% 3Toro coeJuHeHNs B TeueHUe
5 cytok (Zhang et al., 2012). B apyrom uccjeqoBaHUN
Obl1a 3adUKCHpOBaHa ciayvaiiHas MyTalus, 6yarogaps
KOTOpOH BuJ S. intermedius mpuoGpes yCTOMYUBOCTD
K JIMHJJaHy, a TakXe NPOoJeMOHCTPUPOBaJ MOTeHIaI
JUIs1 ero yaajeHus U3 BoOHbIX cucteMm (Gonzlez et al.,
2012). Bugsr Chlorococcum sp. u Scenedesmus Sp. OKa-
3aJINCh CHOCOOHHBI K Jlerpajanuu 3HAocyabdaHa Kak
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B KUJAKOHN cpele, Tak U B nouBe (Sethunathan et al.,
2004). Opgnako He Bce BUIBI BOAOpOCJIell oOJafgamoT
CrOCOOHOCTRIO K Jerpafanuu repounugoB. Kak panee
OTMEeYaJIoCh B HAYYHOH JINTEpAType, UX peakiuu Ha
BO3JelcTBUe Taudocara JIeMOHCTPUPYIOT BBICOKYIO
BupocnenuduyHocts (Wang et al., 2016; Solomonova
et al., 2024a). KimtoueBoe 3HaueHUe B GHOpeMequanu
BOIHBIX OOBEKTOB OT rjidocata MMEKT He MPOCTO
TOJIEpAHTHBIE K TepOULUAY BUABl, a UMEHHO BUIHI,
CIOCOOHBIE €0 YTUJIM3UPOBaTh. MHOTOYMCIEHHBIMU
HCCJIEIOBAHUAMMU 3aperuCTPUPOBAH MAacCCOBBI POCT
[[MaHOOAKTEPUIl MPU BHeCEHUHU TiudocaTa B KYJIbTY-
pasbHyI0 cpenly (Chorus and Welker, 2021; Qiu et al.,
2013), uyTo yka3bplBaeT Ha BO3MOXHOCTb UCIIOJIb30BaHUA
3THUX MHUKDOOPraHM3MOB B KayecTBe AECTPYKTOpPOB. B
pabotax (Vera et al., 2012; Gattas et al., 2016; Vera
et al., 2010; Pizarro et al., 2016; Wang et al., 2016)
TakXxXe IOKa3zaH ropmerudeckuil sdpdext rinudocara
Ul pa3IMYHBIX TpeACTaBUTEN el (UTOIMIIAHKTOHA,
BHIPAXKAIIIUICA B CTUMYJIALIMM POCTOBBIX ITPOLIECCOB
MIpU OTpe/ieJIEHHBIX KOHI[EHTPALUAX, YTO MOXET OBITh
HCITOJTb30BAHO JJ1A MHTeHCUGUKALUY OopeMe A,

MItamMmbr poaa Tetraselmis MpUBJIEKAIOT BHUMA-
HUe uccilefioBaTesieli 6y1arojaps BHICOKOM rajo- U 3Bpu-
TepMaJIbHOCTH, 3GHEKTUBHOMY yAaJIeHUI0 OMOTEHHBIX
sseMmeHTOB (Amit et al., 2017), a TakXke CIIOCOOHOCTU
HaKaIlJIMBaTh JIMIUAB 1 OMOJIOTMYeCKU aKTUBHEIE CcOe-
JUHEHUs, YTO JeJIaeT WX MePCHeKTUBHBIMU OJIA LUp-
KyJisipHOHM 6noskoHOMUKH (Pereira et al., 2018; 2019;
Goswami et al.,, 2022). JaHHbIE MHKPOBOAOPOCHU
VCHEIHO TPUMEHAITCA [JIA OYKMCTKUA Pa3JIUIHBIX
TUIIOB CTOYHBIX BOJ] (TOPOACKUX, MyHUIUMAIBHBIX, TPO-
MBIIJIEHHBIX, aKBaKYJIbTYPBI) U PEMEIUAINN TKETBIX
metayioB (Naorbe and Serrano, 2018; Pérez-Rama et
al., 2002), a mosydyeHHas GuoMacca MOXET CJTYXKHUTb
CBIPbEM [JIA MpousBojcTBa OuortormBa (Goswami et
al., 2022). 3enensle MuKpoBogopocau poaa Dunaliella
TaKXe MOTYT HCIIOJIb30BAThCA I OYHUCTKU CTOYHBIX
BoJ| Gyiarofiaps BBICOKOHM CHOCOOHOCTH aCCUMUJIUPO-
BaTh MUTaTesbHBIE BeljecTBa u3 cpednl (Oren, 2005)
PaHee MpoBenEéHHBIE KCCJIEAOBAHUS TAKXKe BBIABUIIU
noTeHIan 6uomaccel Dunaliella B xavecTBe ajbTep-
HaTHBHI ICKOTIAEMOMY TOILIUBY, TOCKOJIBKY [JIS TPEO-
JIOJIEHUSI CTPECCOBBIX YCJOBUH, TaKUX KAK HEJOCTATOK
MUTATEIbHBIX BEMIECTB, 3T MUKPOBOJOPOC/IM HaKa-
IUTUBAIOT XUMUYECKYIO JHEpPruio B GopMe HEUTpasb-
HbIx Junugos (tpuriuiepunos) (Wijffels and Barbosa,
2010).

OpaHako, HE CMOTPA Ha TO, YTO MpeACTaBUTEIU
ponos Tetraselmis n Dunaliella 3apekoMmeHoBau cebs
Kak 3(dekTuBHBE OGHOpeMeAUalIOHHBIE areHTHl, WX
MOTEHI[MA] B OTHOIIEHWU erpafaluu U yAaJieHUus
raudocaTa OCTaércss NPAKTUYECKH HE W3yYeHHBIM.
Mexnay temM 3(pGdeKTUBHOCTh OHMOpeMeqUaLK MEeCTU-
I[UJIOB C WCIOJIb30BAHHEM MHKPOBOAOPOCIIEN OIpe-
JIeJIIeTCA MHOXECTBOM (PaKTOPOB: TOKCHYHOCTBIO U
KOHIIEHTpallel MOJUTIOTAHTa, XapaKTepOM 3arpssHe-
HUA (JIoKasu3aIys), a Takke abMOTUYeCKUMU Napame-
TpaMH cpeZibl — TeMIepaTtypoi, pH, OCBEIEHHOCTHIO
Y JOCTYITHOCTBIO BOBI, KOTOPHIE B COBOKYITHOCTU BJIU-
SI0T HAa COCOOHOCTh aBTOTPOGHBIX MUKPOOPraHU3MOB
HaKaIIMBaTh WIN TPAHCHOPMUPOBATH KCEHOOUOTUKU
(Zhang et al., 2014; Fang et al., 2016). B cBsi3u ¢ 3TUM
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BBISIBJIEHHE YCTOMYMBOCTH U OHOpeMeaualiOHHOTO
MOTEHI[MAJIa 3eJIeHBIX MHUKPOBOJIOPOCJIEH B OTHOIIE-
HuM raudocarta mpeAcTaBysieT coOOM aKTyaJibHOe U
MepCreKTUBHOE HarpaBjieHue, TpelOylollee qaJibHEH-
INX SKCIIEpUMEHTAIBHBIX UCCJIEOBAHNUI, OCOOEHHO B
KOHTEKCTE KOMIIJIEKCHOI'O BO3AeMCTBUS a0MOTUYECKUX
(akTOpOB CcpenBl U AHTPOMOTEHHBIX MOJUTIOTAHTOB.

OcHOBHasA IieJib HCCJIeJOBaHUA OLIEHUTD
YCTOMYMUBOCTh UM OuOpeMeAWalMOHHBIN MOTeHIMa
MuKpoBogopocieir ponoB Tetraselmis u Dunaliella mo
OTHOIIEHUI0 K rindocaTy B YCIOBUAX ONTHUMAJIBHOMN
U BBICOKOU OCBEIEHHOCTU AJ11 0OOOCHOBAHUSA WX IPU-
MEHEHUSI B TEXHOJIOTUSAX AOOYMCTKU BOIHBIX Cpell OT
3arps3HeHUs repOUIMIaMHU.

2. MaTtepunan u meToAbl
2.1. Marepuanbl U KYAbTUBHPOBaHMUE
BOAOPOCAEH

Anprosiornuecku 4YUCTBIE KYyJIBTYpPhl 3€JIeHBIX
MukpoBomopociu Dunaliella salina (Teod.), mramm
IBSS-1 u Tetraselmis viridis (Rouchijajnen), R.E. Norris,
Hori u Chihara, 65111 mosy4yeHa 13 KOJUJIEKI[UN XUBBIX
KyJIbTYP MOPCKHX IIJTAHKTOHHBIX MMKPOBOAOPOCJIEN
LIeHTpa KOJIJIEKTUBHOTO MOJIb30BaHUA “I'iJpOOMOHTHI
MupoBoro okeana” (WDCM Ne 1201) of A.O. Kovalevsky
Institute of Biology of the Southern Seas of RAS (IBSS).
Jlo skcriepuMeHTa KyJIbTYphl IpeABapUTEIbHO HaX0qu-
JICh B CTAlIMOHAPHOM (¢aze pocTa, 4TO I03BOJIMJIO Olie-
HUTH crioco6HocTh D. salina v T. viridis pactu 3a cuet
riaudocaTa Kak eqJUHCTBEHHOIO MCTOYHMKA NUTaHUA.
B xone skcnepuMmeHTa BOAOPOCJIM BBIpallUBaJIM Ha
YHCTOM CTEepUJIN30BAaHHOU MOpPCKOM Boje 6e3 mob6as-
JleHVs NUTaTeJIbHOM cpefpl. /1A 3TOro UCMOJIb30Bajd
BOJy M3 OTKpHITON yacTu YepHOro mops (COJIEHOCTb
18 %o0), KOTOpyl0 mpeaBapuUTeNbHO (PUIbTPOBAIU
yepes3 CTEKJIOBOJIOKHUCTHIE PriibTpel Whatman (GF/C)
(Sartorius Stedim Biotech, ®panius) ¢ AuaMeTpoMm mop
1 MKM U ctepuiinzoBanu 3 pasa npu 85°C. HavanpHas
IJIOTHOCTH KyJIBTYP BO BCeX BapHMaHTax 3KCIIepUMeHTa
cocraByiana 2810* ki./Mi. Bomopociud KyJIbTUBHUPO-
BaJIM TIPU ONTUMAJIbHON (45 MKD M2 ¢1) U BBICOKOI
(500 mMkd M? cl) MHTEHCHMBHOCTAX CBETa, TeMIlepa-
Type 20 °C u cBeTto-TeMHOBOM Itepuoge 14/10 u. [lna
ocBellleHHA KoJI0 KCMOJIb30Bajiach CBeTOBas pelleTka
CO CBeTOAMOAAMU XOJIOAHOIO CBeTa. YPOBEHb OCBe-
HIIEHHOCTU ONpeAesAId 30HAUPYIOUUM 45t AaTYNKOM
kBaHTOMeTpa QSL 2101 (Biospherical InstrumentsInc.,
CIIIA). bap6oTax KyJabTyp OCYLIECTBJIAIN aKBapUyM-
HBIMU KoMmIpeccopamu, pH KyJbTypajbHON cpeJbl
cocraBJjisana 8,2-8,5.

2.2. MeTtoaMKa 3KCnepUMMeHTa

B xope sKkcleprMeHTOB MCCJIeNOBaJIOCh BJIMA-
Huye repbunuaa riaudocara Ha pocT, OUTOMeTpUue-
ckre u GiyopecueHTHele napamerpsl D. salina u T.
viridis. JIJiA TPUTOTOBJIEHUA PACTBOPOB TOKCHUKAHTOB
ucnoyb3oBann TexHudeckuil riaudocar (CAS 1071-
83-6, 95% purity), koTopsiii 61 mosTydyeH oT Hubei
Novcare Pharmaceutical Co., Ltd. (Kutaii). Jlo6aBKa
riavudocaTa B dKcCllepUMeHTasIbHble KOJIOBI COCTaBUJIA
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350, 700, 1050 (toawsko maa T. viridis), 1400 u 2100
MKT/J1. BeIOOp KOHIleHTpaluil OCHOBaH Ha pe3yJibTa-
Tax MpeaABapUTEJIbHBIX 3KCIIEPUMEHTOB, ITO3BOJIUBIINX
YCTAHOBUTH AVana30H TOKCUYECKOro JelcTBUs repou-
nunga (Solomonova et al., 2024a; Solomonova et al.,
2024b). Bogopociu, KyapTUBUpyeMble 6e3 riaudocara,
HCIIOJIh30BAJINCh KaK KOHTPOJIb. Kax il BapuaHT 3KC-
nmepuMeHTa AyOJupoBasics B 3 MOBTOpHOCTsX. [locie
BHeceHMsA Imdocara BoJOpoOcsiell KyJIbTUBUPOBAIU B
HaKOMUTEJIbHOM pexuMe MpU ABYX UHTEHCHUBHOCTAX
cBeTa B TeueHUe 6 CyTOK.

2.3. MeToab!l aHanu3sa

ITutomMeTpHuyeckuii aHaAU3 MPoO. UncIeHHOCTh
BOZOpOCJIel B nMpobax olpefesisyli MeTOAOM IpPOTOY-
HOU IUTOMeTpuHu mo npsiMoMmy cBetopaccesHuio (FS)
1 aBTO(QIIyopecleHIy XJIopoduia OTAeIbHBIX Kile-
TOK B KpacHoOMU cnektpasibHoU obsactu (FL4, 655 HM).
Ananu3 npo0 NpoOBOAWIN Ha NMPOTOYHOM IIMTOMeETpe
MACS Quant Analyzer (Miltenyi Biotec, l'epmanus) B
I[eHTpe KOJIJIEKTUBHOIO N10J1b30BaHuA «ClIeKTpOMeTpUs
n xpomarorpapusa» OUL] WHBIOM. [lna o6paboTku
MaHHBIX ucnoJib3oBasiu FCS Express 7 Research Edition
software.

[Ipoayxkiiuio akTUBHBIX (GOPM KHCJIOpOJa oOlie-
HUBaJiM MO0 (QuyopecueHuuu 2-7-auxiopdJiiyopec-
nenaauarerata (H2DCF-DA; Merck, T'epmanusa) Ha
UTorpaMMax II0 IpsAMOMY cBeTopaccesHuio FS u
(dyopecneHIIMN KJIETOK Ha [JIMHE BOJIHBL 525 HM.
[IpeaBapuTesbHO BHIUMTAIM 3HauYeHHe aBTodyopec-
neHuu kjetok D. salina u T. viridis B jaHHOI o6Jia-
ctu crnekrpa. OkpallMBaHue BOJOPOCJIEH IPOBOAWIN
B TeueHHe 35 MUHYT B TeMHOTe Nocje JobaBieHusa 5
MKJI pabouero pactBopa H2DCF-DA (5 mr mur!) Ha 1 Mt
KyJIbTYypaJIbHOU CyCIIeH3UlHl HeNoCpeJCTBEHHO Iiepen
nsmepenueM (Wang and Joseph, 1999).

YucneHHOCTh 6akTepuil olpefesisuin B IIpobax,
okpameHHBIX SYBR Green I (Molecular Probes, CIIIA),
C MOMOMIBI0 TelTHHra NONyJIALNY KJIeTOK Ha 2-mapa-
MeTpPUYeCcKHUX HUTOrpaMMax IpsAMOI0 CBeTopaccesHusd
(FS) u pnyopecnienunu SYBR Green I B 3enéHoit obia-
ctu cnekrpa (kaHan FL1, 525 HM) Ha 6e3pa3mMepHBIX
norapudmuyeckux mkanax. Okpacky 6akrepuii SYBR
Green I npoBoauIN B TeMHOTe B TeueHUe 40 MUH Hemo-
CpPe[ICTBEHHO Iepe/l M3MepeHHeM B COOTBETCTBUM C
(Marie et al., 1997).

Metoa PAM-¢diryopumerpun. Uamepenue doiy-
opeclieHIIMM IWUIMEHTHOro KoMIJIeKca BOAOpocJiei
IIPOBOJAWJIN Ha (JiyopuMeTpe ¢ UMIYJIbCHOU MOAYJIA-
I[ell Bo30yXxJallero cBeTa Ha JJIMHe BOJIHEL 455 HM
«Mera-25m» (OOO «I'eHHasA U KJIeTOYHasA Tepamusi»,
Poccus). INoapo6Hoe omnucaHue MeTOOVWKH U Xapak-
TepUCTUKU JAaHHOro (JyopuMeTrpa IpefCcTaBJeHbl
B pabore (Pogosyan et al., 2009). DbdeKTUBHOCTD
paboTel (POTOCHHTETHYECKOro amnmapara BOAOpOCei
mocJie ajanranuu kietok k temHore (Fv/Fm) paccuu-
ThIBaJIU 110 popMyie:

Fv _ Fm-Fo

Fm Fm
rae Fo — BesnuuHa ¢uyopeclieHIun xJjJopodpuiiia a
DM OTKPHITHIX PEaKIMOHHBIX LeHTpax; Fm — makcu-
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MaJibHas (¢JiyopeclieHIUA XJI0poduijia a Ipu 3aKphl-
THIX PEaKIMOHHBIX LIeHTPax.

OTHOCHUTEJIbHYI0 MaKCUMaJIbHYI0 CKOPOCTbD 3JIeK-
TPOHHOTIO TpaHcnopTa GoTocHuCcTeMBl 2 TP UHTEHCUB-
HocTu cBeTa I = 500 MKD-M2c! U JIUTEIBHOCTU 3KC-
nosunuu 40 ¢ paccuuTHBaIU 10 Gopmyie:

Fm'-Fo'
rETR:u. 1,
Fm'
rge Fm’ - makcumanpHas (iryopecrieHOUss XJI0po-

¢duna a Ha poHe nmocTogHHOTO OcBemnlenns; FO’ — HyJte-
Bas (QJyopeciieHIUA xJiopoduljia a IpyU NOCTOSHHOM
OCBeIIeHNH.

Cratuctuueckas o6paboTka NaHHBIX NPOBOJU-
Jlach ¢ WCIOJb30BaHMeM mporpamm Microsoft Office
u Golden Software Grapher-16. Touku Ha rpadukax u
B Tabsvile mpejacTaBjseT co0OH cpefHee 3HaueHUe 3
[IOBTOPHOCTeH. baprl 0003Ha4amT cTaHAapTHOE OTKJIO-
HEHHE ITOJTYYEHHBIX 3HaueHuH. 3HAYMMOCTh paanmqm‘/’l
MexXay BeIOOpKaMH OIl€eHMBAJIach C IIOMOIIBI0 t-KpUTe-
pus CrerogenTa npu p < 0,05.

3. Pe3yAabTathbl M 06Ccy)XxpAeHHue

3.1. CpaBHUTEeAbHbIH aHAAU3 BAUAHUA
raudocara Ha pocr T. viridis u D. salinawn
accouMUPOBaAHHONH C HUMIM MUKPO(QAOPDI
npu pasHOH OCBELEeHHOCTH

[IpoBeeHa OlleHKAa COBMECTHOTO BJIMAHUA Tep-
ounuaa rimdocara (0-2100 Mr/J1) u ypoBHSA OCBeEITEH-
HocTH (ONTUMAJIbHBIN / BBICOKUH CBET) HA JUHAMUKY
YHCJIEHHOCTU MUKpoBojopocieii T. viridis u D. salina.
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B xoHTposbHBIX oOpasiax (0 Mkr/n riaudocara) mpu
ONTUMAJILHOM YpOBHe ocBemleHus y T. viridis k 6 cyT-
KaM KyJIbTUBHPOBaHUA HaOJII0aIoCh CHIXEHUEe YKC-
JIEHHOCTH KJIETOK ¢ 28 X 10*kJ1./Mi1 7o 12 X 104 KJ1./MII,
ayD. salina - c 28 X 10*x1./mi go 25 X 10*ki1./mit. 910
00yCJIOBJIEHO IepexoioM KyJIbTyp B CTallOHApHYIO
(dasy pocra, KoTopas CONpPOBOXJAeTcA Mocjeyomei
Jerpajanuell BoAOpocjell BcJeACTBHE MCUYeplaHuAd
nuTaTesIbHBIX BellecTB B cpefde. Ilpyu BeIpamyuBaHUU
BOZOPOCJIEH B yCJIOBUAX BBHICOKOM OCBEILEHHOCTH YMC-
JIEHHOCTH KJIeTOK T. viridis Ha 6 CyTKU KyJIbTUBHUPOBa-
HUA cHUXasach Ao 7,2 %X 10* kit./mi, Torga kak y D.
salina — go 15X 10 ki1./mMi. Takoil pe3yJibTaT yKa3bl-
BaeT Ha OOJIBIIYI0 yCTOMYUBOCTD D. salina K AeficTBUIO
BBICOKOM OCBeIll]eHHOCTH, YTO corjlacyeTci C paHee
[OJIyYeHHBIMU JINTePaTypPHBIMU AaHHBIMU (Borovkov
et al., 2020).

HobaByienue ramudocara B KoHIjeHTpauuu 350-
1050 MKr/mn B yCJIOBUAX ONTHMMAaJIbHOIN OCBEIeHHOCTH
MPUBOIWJIO K TOPME3UCHOMY POCTy KieTok T. viridis.
[Ipy >TOM MakCHMaJIbHBIN IPUPOCT YKCJIEHHOCTHU
(75,2 x 10* xu1./m1) Habmogasncsa npu 700 MKr/J1 riid-
docara. [Ipu koHIeHTpanuu nosuntoTaHTa 350 MKr/j
JaHHas BeJMuuMHaA mocturana 33 X 10% ki./mii, a mpu
1050 Mkr/na - 54 x10* xi./mu (Puc. 1a). YBennuenue
MHTEHCUBHOCTH cBeTa 10 500 MkD M2 ¢! mpuBoaAWIIO K
cABUTy ropmesucHoro s¢g@dekra B obsacTb 6ojiee HU3-
KUX KOHIleHTpanuil riaudocaTa: MaKCUMaJIbHBIN IPU-
poct uucienHoctu T. viridis (85 X 10* kj1./Mu1) JOCTH-
ranca npu 350 mr/a riaudocara, 4To Ha 13% BoilIe
3HaueHNs IpU ONTHUMAaJIbHOU ocBeljeHHOCcTU (Puc. 1c).
IIpu 700 mkr/n raudocata MakKCHUMajbHas 4HCJIEH-
HOCTh KYJIBTYpPHI cocTaBmia 52X 10* kj1./MJI, 4TO Ha
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Puc.1. Biausanue riaudocata Ha U3MeHeHHe YucjieHHOCTH KieTok T. viridis (a, B) u D. salina (6, r). a, 6 — UHTEHCUBHOCTh

cBeta 45 MkD M? ¢, B, T — MUHTEHCUBHOCTH cBeTa 500 MKD M2 c¢!. CTOJIOLB MOKa3bIBAIOT CPEHION (N

3) MJIOTHOCTH KJIETOK

(kJ1./MJI) B KOHTPOJIBHOM o0pasiie U I KaXJol olleHeHHOH KoHIleHTpanuu riudocara (Mkr/i). [Tonocky ommbok npesicTas-

JIAIOT CTAaHAAPTHYIO OLINOKY.
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34% HXe 3HaYeHUI NpU aHAJIOTMYHOM KOHILIEHTpauuu
repbunyaa, Ho B yCJIOBUAX ONTHMAJIbHOIO OCBellleHNA.
[Ipu 1050 MKr/J1 repburiizia, HA060pOT, HAGJII0AAI0Ch
[IOCTeNleHHOe CHIDKeHNe IUIOTHOCTH KYyJIbTypaJlbHOM
cycrmeHsuu 10 25X 10* ki1./MJI Ha 6 CYTKH SKCIIEPU-
MeHTa. Beicokue no3sl riaudocara (1400 u 2100 Mkr/)
OKa3blBajJId OCTpOe TOKCHYecKoe JelicTBue Ha pocT T.
viridis. TIpu 3ToM BBIpaXkeHHOCTh d(ddekTa Bo3pacraja
[IpY MOBBIIEHUH OCBellleHHOCTU. Tak, IIpu ONTHUMaJlb-
HOM ypOBHe cBeTa 4mcjeHHOCTh T. viridis Kk 6-M cyT-
KaM KyJbTUBUPOBAHUA CHIXajach o 0,2 X 10* ki./
M u go 0 npu 1400 u 2100 Mxkr/ia riaudocara cooT-
BeTcTBeHHO. Torma kak mpu 500 mMkd M2 ¢! rubesb
KyJIbTYpPHL IIpU 000MX KOHI[eHTpaluAX HacTynasa yxe
Ha 3 CyTKHU 3KcllepuMeHTa. TakuM oOpa3oM, MOBBIIIe-
HUe OCBeleHHOCTU YCUJINBaeT KaK CTUMYJIUPYIOUIUN
3 deKxT yMepeHHBIX KOHIleHTpaIluii repburya (sepo-
ATHO, 3a cueT Oojiee aKTUBHOIO MeTaboJjM3Ma U yTHU-
nuzauuu docdopa us raudocara), Tak U TOKCUIHOCTD
BBICOKHX [103.

Y D. salina takxe HaGJIOOANIOCh CTUMYJIHUPO-
BaHHe pocTa KyJIbTypHl IIpu AoOaBjieHUU riaudocara.
ITpu onTMaIbHOMN OCBEIleHHOCTU OTMeYeHa BhICOKasd
YCTOMYMBOCTb KJIETOK K BHICOKMM KOHILIEHTPAIUAM rep-
ouruaa. [Ipu 1400 u 2100 MKr/j1 4MCJIEeHHOCTb KYJIb-
TYpHl K 6-M cyTkaMm mocturana 81 u 93 X 10* kir./mi
cootBetrcTBeHHO (Puc. 16). ITpu 350 u 700 MKr/J1 riu-
docara npupocT KyJabTypHl D. salina 6511 3HAUYNUTEIIBHO
HIXKEe U CcOCTaBJIAI 58-65 X 10* ki1./mi. TIpyu BBICOKOM
WHTEHCUBHOCTH CBeTa AMHaMUKa pocta D. salina cyme-
CTBEHHO U3MeHsIach. AOCOJIIOTHBI MaKCUMyM IIpHpPO-
cta unciaeHHocty (91 X 10* ki1./vut) HaGOOanCs npu
1400 mxkr/n rnmugocara. Torga kak npu 2100 MKr/na
OTMeueHa 3JIMMUHAIMA KyJabTyphl (Puc. 11). [Ipu kon-
neHtpanuax 350 u 700 Mkr/n yucyieHHOCTh D. salina
JoCTUrajla MaKCUMaJIbHBIX 3HaueHui - 47 u 63 x 10*
KJI./MJI COOTBETCTBEHHO — yXe Ha 2 CYTKH SKCIepH-
MeHTa. IIpu fmanpHelimeM KyJIbTUBUPOBAaHUM B 3THUX
yCIOBUAX HaOJIOAANIOCh CHIDKEHUe IIoKasaTesid Mo
21-23 X 10* kj1./Ma K 6-M cyTKaMm. JIaHHBIM pe3yJibTaT
yKasplBaeT Ha TO, YTO CTUMYJIMPYIOIIUKN 3deKT yme-
PEeHHBIX 103 repObuIia B YCJIOBUAX CBETOBOIO cTpecca
coxpaHseTcs, HO peaausyerca ObicTpee Osaromaps
60Jiee BBICOKOI CKOPOCTH pOCTa KJIETOK.

Takum o6pa3oM, riaudocaT oOKas3bplBaeT CTU-
MyJipylolllee JelicTBHe Ha pPocT o0eux KyJjabTyp - T.
viridis u D. salina. TIpu atom D. salina nemoHCTpUpyeT
60Jiee BBICOKYIO YCTOMYMBOCTh K BHICOKMM KOHI[EHTpa-
nuaAM repbunuga. VIHTEHCUBHOCTb CBeTa BBICTyIaeT
KJII0UYeBBIM MOJYJIATOPOM YyBCTBUTEJIBHOCTH BOAOPOC-
Jleli: MOBHIIIEHHAas OCBeIEHHOCTh yCKopsAeT MeTabosiu-
YyecKye MPOIeCcCH, 4YTO IOTeHI[UpyeT KaK CTUMYJIMPYIO-
11, Tak U Tokcnueckuil apdekTt ramdocara.

OueBuaHO, HabsmomaeMbili 3pdekT ropmesuca
y T. viridis u D. salina cBsi3daH ¢ WX CIOCOGHOCTHIO
HCIOJIb30BaTh IJdocaT B KayecTBe MCTOYHUKA MUHe-
paJIbHOrO0 NMUTAHUA, KaK 3TO OBUIO MIOKAa3aHO paHee C
ApyrumMu BuAaMu (HOTOTPOMHBIX MUKPOOPraHHW3MOB
(Marsalek and Rojickova, 1996; Qiu et al.,, 2013).
H3BecTHO, YTO MHOIMe MHUKPOBOJOPOCJIM MOIYT YTH-
JIM3UPOBaTh PpACTBOPEHHBIE OpraHUYecKhe CcoeAunHe-
HUA pocdopa nyTeM IHAPOJIM3A UX BHEKJIETOYHBIMU
depmenTamMu, TakuMMK Kak IlesgoyHaA ¢ocdarasa
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(Dyhrman and Ruttenberg, 2006). Hekoropsle Buma
MUKpOBOAOpOCaell mnpu Aeduiiire HeOpraHUYECKOIo
docdaTa akTUBHO CUHTE3UPYeT U BhIJeIAET 3TU dep-
MeHTHl B OKpyxatomyo cpeny (Dabney and Patifio,
2018.). docdartazpl TUAPOJIUIYIOT CII0KHOIPUPHYIO
CBA3b B MOJIEKyJlaXx Oopranmieckoro ¢ocdopa u BEIC-
BOGOXJaeT Heopranuyeckuii ¢pocpar (PO,*) ot opra-
HUYeCcKOW MoJieKyJibl. OcBOOOAUMBIIMIICA HeOopraHu-
geckuil docdaT 3aTeM TPaHCIOPTHPYETCA B KIIETKY
yepe3 crnenuduyeckre TPAHCIOPTHbIE OesKU-IiepeHo-
cunku (Wang et al., 2024). 3To KJloYeBasg afganTanus
[I03BOJIAET BOJOPOCJIAM BBDKMBATh B YCJIOBUAX Aedu-
nuTa Heopraummueckoro ¢ocdara (PO,*), KOTOpHI
sIBJIIeTCA TpefIouTuTe bHON (opmoit ¢ocdopa s
6osibmmHcTBa BomopocJeii (Harke and Gobler, 2013).
B mpenploymux oT4erax HaMH IOKasaHO yBeJMYeHHe
qUCJIEeHHOCTU JuHobaresiar Prorocentrum cordatum
u P. micans u rantodpurtoBou Isochrysis galbana mpu
nobasyiennn riaudocara B cpeny (Solomonova et al.,
2024a; Solomonova et al., 2024b). IIpu sTom 6bLIO
YCTaHOBJIEHO, YTO CTpaTerusa ycBOoeHHuA repbunyuaa He
yHHBepcaJbHa AJ1A pa3HbIX BUAOB Bogopociel. K mpu-
Mepy, P. cordatum criocobeH pacTu 3a cuet rimdocara
Kak eJUHCTBEHHOI'0 MCTOYHHKaA ¢ocdopa cpasy mnocje
ero nomajgaHus B cpefy. B To Bpema kak P. micans
ncnosb3yet pocdop u3 riamdocara nocje ero MUHepa-
Jmzarnuu G6akrepusmu (Solomonova et al., 2024a). O
CTUMYJIIPOBaHUU poOCTa MHUKPOBOJOpoOcJeil riaudoca-
TOM paHee coobIaioch Takxe B paborax (Wang et al.,
2016; Zhang et al., 2016; Dabney and Patifio, 2018).
Habmomaemseiii 3dekT aBTOpPH TakXe OOBACHAIT
comepxaHueM docdopa B rimdocare, KOTOpBIEI HeOO-
XOJIUM JJI pOCTa BOJOPOCJIEH.

J1A BbIAACHEHUA Bompoca, 00ycjIoBjeH JId rop-
Me3ucHbI 3¢ dexT y T. viridis u D. salina mpsAMbIM yCBO-
eHueM riudocara B KauecTBe IUTATeJIbHOIO cybcTpaTa
WJIM ero MUuHepaju3anuei 6akrtepuaibHONU MUKPOdIIo-
poii, HaMu ObLIa oIpe/iesieHa YUCJIeHHOCTh 6aKTepuil B
KyJIbTypax B YCJIOBHUAX ONTUMAaJIbHOI OCBEIEHHOCTH.
PesysnbraTh npeacrasieHsl B Tabsune 1. B KOHTpOJIb-
HOM o0pa3slje YHUCJIeHHOCTh OakTepuil B KyJbType T.
viridis pocrturajia mMakcumyma (4,66+0,4 MJIH KL/
MJI) Ha 3-U CyTKU dKcnepuMeHTa. Y D. salina ycroiuu-
BHIII pOCT GakTepuasbHOU MHUKpOGhIOpH HabJoascsA
Ha TPOTSKEHWM BCEro dJKCIepuMeHTa U COCTaBJIAT
9,1+0,3 muH kiI1./M1a Ha 9 cytku. Habmrogaemoe yBe-
JIN4eHue YUCJIeHHOCTU 6aKTepuil B KyJIbTypax CBSA3aHO
¢ IIepexoj0M BOJOpOcCJIel B cTallMOHapHY!o a3y pocTa,
4yTO ABJIAeTCcA obmensBecTHBIM dakToM (Kharchuk et
al., 2022).

V¥ T. viridis mpu koHHeHTpanuu raudocara 350
MKT'/J1, CTUMYJIMpYIOIell poCcT BOAOPOCJIeH, Kojude-
CTBO 6aKTepui B KyJIbType JOCTOBEPHO He OTJINYAJIOCh
OT KOHTPOJIA Ha MNPOTAKEHUU BCEro SKCIepUMeEeHTa.
[Tpu 700 MKT/J1 YHCJIEHHOCTh OaKTepuil yxe 3HAYMMO
IIpeBHIIajia 3HauYeHUsA B KOHTPOJIbHOM ob6pasue. [Ipu
1400-2100 mkr/n repbuiiua yrucjiao 6akTepuil B KyJib-
TypaJIbHBIX CpelaX ABYKPaTHO IIPEBHIIAI0 KOHTPOJIb-
Hble 3HAYeHUs, YTO, OUYEeBUAHO, OOYCJIOBJIEHO 3JIMMU-
Hanuel KJIeTOK BOAOpOCel NpH 3TUX KOHIIeHTpaLuax
repbunuaa. AHaJOTMYHBIA pe3yJsbTaT IOJyYeH U C
D. salina. locToBepHOe yBeInUeHNe KoJinyecTBa 6aKkre-
PUii B KyJIbType OTMe4eHO IIpYU KOHIIeHTpauuax riaudo-
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Ta6suna 1. BiusHue rimdocara Ha 4UCIEHHOCTh GaKTepuil B KyJIbTypaJIbHOU CyCIIeH3MU B YCJIOBUAX ONTHMAJIbHOI OCBe-

mjeHHoCTu 45 MKD M2 ¢!

KoHIleHTpanus Tetraselmis viridis, cyTku
o 0 2 3 5 6
0 1,5%0,2 1,9+0,2 4,7+0,4 4,3+0,5 4,7+0,2
350 1,5+0,2 2+0,1 5,5+0,4 4,4+0,4 5,4+0,2
700 1,5+0,2 3,2+0,2 7,2+0,6 6,2+0,6 6,5+0,5
1400 1,5+0,2 3,4+0,1 7x1,1 7,1+0,8 7,3%0,7
2100 1,5+0,2 4,5+0,5 8,1+1,4 8,3+0,8 9,6 £0,6
Dunaliella salina, cyTku
0 2 3 5 6
0 2,2+0,16 3,2+0,4 5.8+0,7 7,1£0,9 9,1+£0,3
350 2,2+0,16 3,5%0,12 6,3+0,81 8,3+0,7 10,1+1,1
700 2,2+0,16 4,2+0,17 8,3+0,62 8,9x1 10,7+0,9
1400 2,2+0,16 5,1+0,2 8,8+1,07 9,7+0,9 12,1+1,2
2100 2,2+0,16 5,9+0,4 9,1+1,2 13+1,2 13,9+1,5

cara Bbite 700 MKkr/j. B To BpeMsa kak ropMe3uCHBIN
pocT BoAopocel HabmonaeTcs yxe npu 350 MKr/JL.

Takum, obpasoM, nobaBieHue rimdocara CTU-
MyJIUpOBaJIO pa3BuTHe OakTepuil B 00enx KyJIbTypax,
npuuéM 3¢ @eKT ycuauBascA C MOBHIIEHNEeM KOHIeH-
Tpauuu repounuaa. IlojslydyeHHble pe3yJibTaThl IOJ-
TBEPXJAT, 4TO YacTh Iimdocara MUHEpaIU3yeTCs
O6axTepusAMY, OAHAKO 3TOT IIpoliecc TpeOyeT BpeMeHHU
(Sun et al., 2019; Singh et al., 2020). [TocKOJBKY POCT
BoJopocJiell Habofaacs cpasy mocjie BHeCeHUA rep-
6unuaa, a npu 350 MKr/J1 6akTepuajbHasd akTUBHOCTD
He OTJIMYasiach OT KOHTPOJIA, MBI IIOJIaraeM, 4To Ha
HayaJIbHOM 3Talle BOAOPOCJIM MCIOJIb3YIOT Iindocar
HanpaMmylo. Ha GoJiee mo3agHuX 3Tamax pocTa, Bepo-
ATHO, NIPOMCXOAUT KOMOMHHPOBAaHHOEe NIMTaHue: BOAO-
pociau MOTPebJIAIT Kak HeopraHuuyeckuil @ocdop,
oOpaszoBaBlIniica B pe3yJjbTaTe MUHepaJIu3aluu, Tak u
opraHudeckuii pocdop riaudocara.

3.2. Baunanue randocara Ha GU3UOAOro-
6HoXxMmMHUecKHe NoKa3aTenm
mukposoaopocaen T. viridis n D. salina npn
pa3HO¥ HHTEHCUBHOCTH CBeTa

Tetraselmis viridis.

Ananus ¢usnosioro-6MoXUMHUYECKUxX IoKa3aTe-
nen T. viridis 4epe3 724 Ky IbTUBUpPOBaHUsA 6e3 no6aB-
neHusa riaudocara IMoKasall, YTO NOBBIIIEHHEe WHTEeH-
cuBHOCTU cBeTa OT 45 mo 500 MkD M2 ¢! okasbiBaeT
yMepeHHOe (GOTOUHTUOMpYolee AeliCTBHEe Ha KJIETKU
(Tabmuma 2). OTMedeHO yMeHblleHHe CcoAepXKaHUs
xjmopoduiiia Ha kietky (FL4) Ha 13%, mocToBepHOe
CHIXeHNe KBaHTOBOM 3>ddeKTUBHOCTU (HOTOCHUHTE3A
(Fv/Fm) pmo 0,56 oTH.ed. u TMOBBIIIEHHE MPOAYKIUU
akTuBHBIX hopMm kucaopona (D2CFH-DA duyopecuen-
nus) Ha 30%. [Ipu aToM 00BEM KJIETOK He U3MeHSJICH,
TOorfja Kak HUX T'PaHyJIAPHOCTh JOCTOBEPHO YBeJINYU-
Basiachk. [lokasatesib GokoBoro cmetopaccesHus (SS),
XapaKTepU3YIOHIUil BHYTPUKJIETOUHYIO «CJIOXKHOCTB»,
Bo3pacTtasl Ha 38%, 4yTO yKasblBaeT Ha CyL|eCTBEHHEIE
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“3MeHeHUs BHYTPUKJIETOYHON MopdOoJIornu.

H3meHeHue GU3M0JI0ro-6MOXUMUYECKUX ITOKa-
3aresieii KJIETOK IIpU Bo3felicTBUM Tamndocara KoOp-
perpoBajio C POCTOBBIMU XapaKTepUCTUKAMU BOJIO-
pociieii. Ilpu CTUMYJIUPYIOMINMX POCT KOHLIEHTpaUMAX
repounuaa (350-700 Mxkr/i) dusnosoruiyeckue mnoka-
3aTesid KJIeTOK YJIyYIlaJiCh IO CPaBHEHUIO C KOH-
TpOJIeM Kak IMpU ONTHUMAaJIbHOM, TaK U NPU BHICOKOMN
ocBemeHHoctu (Tabimma 2). B wacTHOCTH, OTMeUYeHO
BhIpaXkeHHOe CHIDKeHMe npofykuuu AOK (B 2-7 pas) u
MOBbIIIeHNe (POTOCMHTETUYECKON aKTUBHOCTU KJIETOK.
3HaueHnus nokasaresns Fv/Fm = 0,6-0,7 otH.en. yka-
3bIBAlOT Ha BBICOKO3()(GEKTUBHYI (POTOXUMUUYECKYIO
KOHBEPCHUI0 U OTCYTCTBHE 3HauyuTeJbHOro (pr3noJio-
TAYecKoro cTpecca KJIETOK NPU 3TUX KOHLIEHTpauuax
riaudocara (Maxwell and Johnson, 2000).

[Tpu 1400 u 2100 mkr/n MHrubupypllee Jei-
cTBue riudocaTa Ha POCT COMPOBOXAAJIOCh YXyAlle-
HHeM TNoKa3zaTeJiell kjeTok. [Ipu onTuMasibHOI OcBe-
IIEHHOCTU Y BOJIOPOCJIel OTMeueHbl PU3HAKU OCTPOT0
TOKCHUYECKOTO BO3JeMCTBUA: CHUXeHUe (POTOCHHTe-
Tnyeckonn aktuBHoctu (Fv/Fm = 0,47-0,53 oTH. en.,
rETR = 0,12-0,16 oTH. ef.), yBeJueHHe NPOAYKIUU
A®K (B 2-3 pasa Bblllle KOHTPOJISA), CHUXXKEeHUEe yAeslb-
HOro cofepxaHus xjaopoduisia, yBeluueHHe rpaHy-
JsipHOCTU KJIeTOK (SS = 43-49 otH. en.). IloBrimeHue
OCBeI[eHHOCTH YCUJIMBAJIO TOKCUUeCcKoe JielicTBUe rep-
o6unuaa Ha Bogopocym. Tak, npu 1400 mkr/n raudo-
caTa U BBICOKOI ocBeljeHHocTH 500 MKD M2 ¢! HabJII0-
Jajach Kputuueckas Jenpeccus ¢ortocuHTe3a y T.
viridis: Fv/Fm causuicsa go 0,41 otH. en., rETR — no
0,11 otH. en. IIpu stom D2CFH-DA dinyopecneHnus,
nmponopuuoHanabHasA npoaykiuu A®K B kijieTkax, pe3ko
Bo3pacTtana Ao 348+13 otH. en. Ilpu kKoHIeHTpanu
rmudocara 2100 MKr/j U BBHICOKOM HHTEHCUBHOCTU
cBeTa oTMeueHa rubesib BOJOPOCIel.

Dunaliella salina.

PexuM ocBeleHUsA NpU KyJIbTUBUPOBAHUU 00Y-
CJIOBUJI BhIpaXKeHHble pa3jnuus B (PU3NOJIOTMYECKUX
nmokasaressax D. salina, koTopbie OBUTA CBA3AHBI C MPO-
IeccamMu ¢oToaaanTanuu KjieTok. B yactHocTH, dyepes
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Ta6smuna 2. — BiausaHue rimdocata Ha ¢usnosornvyeckue U Guoxumuueckue mapamerpsl Tetraselmis viridis u Dunaliella
salina npu MHTEHCUBHOCTH cBeTa 45 MKD M2 ¢! (cuHue 1udper) u 500 MxD M2 ¢! (kpacHsie Udph) yepe3 724 KyJIbTUBUPOBA-
HuA. JlaHHBIe IpefcTaBJIeHbl B BU/le CpeJIHero 3HaueHus *+ craHjapTHas ommbka (SE).

KoHueHTpanusa FL4 FS SS Fv/Fm rETR. D2CFH-DA.
MKT/JI OTH.eJ. OTH.e[I. OTH.e. OTH.€e]I. OTH.€e]I.
Tetraselmis viridis

0 112+3 20+2 30+2 0,61 0,2 110+12
98+5 21+2 48 +5 0,56 0,16 158+17
350 113+5 22+3 28=+1 0,65 0,22 56=+7
93+7 23+2 71+7 0,68 0,17 23+3
700 126 +4 21+3 26+0,7 0,7 0,21 19+1
88+5 23+3 32+4 0,6 0,17 29+4
1400 1107 22+2 43+0,5 0,53 0,16 210+11
81+4 27+3 51+3 0,41 0,11 348+13
2100 100+9 22+3 49+0,7 0,47 0,12 311+10
Dunaliella salina
0 52EH5 19+3 47 +£5 0,72 0,19 107 +10
34+3 21+2 57/ =7 0,52 0,12 138+15
350 54+9 21+3 45+4 0,69 0,18 95+8
30+2 20+3 52+8 0,56 0,13 190 +22
700 56+6 21+3 40=+3 0,7 0,17 85+7
38=+3 21+2 50+5 0,56 0,15 240+17
1400 58+5 19+3 40+3 0,68 0,17 23+3
46+5 22+3 44+6 0,63 0,15 42+5
2100 58=+7 21+2 38=+2 0,66 0,13 19+2
48+3 29+3 80=+9 0,26 0,05 264 +22

IIpumeuanue: D2CFH-DA — ¢uyopecuennusa D2CFH-DA nipu ajiriHe BOJIHBEL 525 HM, OTpaXkaeT NPOAYKINI0 aKTUBHBIX (POPM
kucjiopona (A®K) B kierkax; FL4 — aytoduyopecriennua xyjopodusia a Ha OAHY KJIETKY IpH AjnHe BosHb 680 HM; FS —
nmpsMoe cBeTopaccessHue (06bEM KJeTKH); SS — GoKoBoe cBeTopaccesHue (rpaHyJiApHOCTh); Fv/Fm — 3¢ deKTHBHOCTD UCIOJIb-
30BaHUA dHeprum cBeta GOTOCUHTETHYECKHUM KoMiulekcoM ¢ortocucteMnl II; rETR — oTHOcuTesbHasA CKOPOCTh TPaHCIOPTa

3JIEKTPOHOB; OTH.€eJl. — OTHOCUTEJIbHbIE eJHULIBL.

724 pocTa Npu BHICOKOHN OcBelleHHOCTU 6e3 AoOaB-
JjeHusa riaudocata OTMEYEHO CHIXEHUe COAepXKaHuA
xjJopoduisia B KJleTKaX, KBaHTOBOH 3(¢eKTUBHOCTU
doTocuHTEe3a M OTHOCUTEJIBHOM CKOPOCTH 3JIEKTPOH-
Horo TpaHcnopta B 1,4-1,6 pasza. OTMe4yeHa TeHOeHI[UA
K MOBBIIIEHUI0 TPAaHYJIAPHOCTU KJIeTOK (SS) u npoayk-
nny AQK, yTo ykasplBaeT Ha yMePEeHHBIN OKHCJIUTEJIb-
HBIM CTpecc ¥ aKTUBALMI0O MeXaHN3MOB aHTHOKCHIaHT-
HOW 3alllNTHI.

IMIpu 350 u 700 MKr/J, HECMOTpsA Ha ropMe-
3UCHBI POCT KJIETOK, WX (Pu3nosiornyeckyde Imnapa-
MEeTpPHl CYIIeCTBEHHO He OTJIMYalCh OT KOHTPOJIA.
OTMeueHO TOJIBKO NOBHIMIeHUe npoaykuun A®K npu
BBICOKOH oOcBellleHHOCTH. Jlyumue ¢usnoiornyeckue
rnokasaresjyd KjeTok Habmoganuch npu 1400 Mkr/n
raudocara. Kak npu onTumanbHON, Tak U BBICOKOH
OCBeIlleHHOCTH KJIETKU XapaKTepHU30BaJIUCh BBICOKOM
dotocuHTeTHUeckoll akTuBHOcThIO (Fv/Fm = 0,63-
0,68 otH.en., rETR= 0,15-0,17 oTH.eqd.), BBICOKHM
yIeJbHBIM cofiepxaHueM xjopodusia (FL4 = 46-58
OTH.e[l.), HU3KHMM YPOBHEM TIpaHyJIAPHOCTU KJIETOK
(SS 40-44 otH.en.) WU HU3KOU mpoAaykiuein ADK
(D2CFH-DA ¢nyopeciieHIMisAA perucTprupoBasach B Ipe-
nesax 23-42 oTH.ed.). DTU JaHHBIE CBUETEJILCTBYIOT O
TOM, YTO BBICOKas KOHI[eHTpauusA riaudgocara co3gaeT
6yraronpuATHEIE yCJIOBUA [UiA pocTta D. salina. Tlpu
2100 MKr/J ¥ ONTHUMAaJbHON OCBEIIEeHHOCTH YyCTOU-

485

yuBOCTh D. salina K BO3AENCTBUI0 repOMIMA COXpa-
Hanace: FL4 nopgmepxuBasnace Ha ypoBHe 58,7 = 7,0
otH.en., Fv/Fm - 0,66 otH.en., rETR — 0,13 otH.en.,
nponykuusa A®K ocraBasace Huskoil (19 = 2 orH.
en.). [Ipu BeICOKOI OCBelleHHOCTU, HAa000pOT, HaGJIIo-
Jlajioch KpUTHYecKoe yrHeTeHHe (HU3MOJIOTUYeCKUX
napameTpoB kJieTok. 3HaueHus Fv/Fm u rETR cHu3u-
auck 1o 0,26 u 0,05, 4yTo ykasplBaeT Ha NpPaKTUYeCKU
oJiHOe yrHeTeHue goTtocruHTe3a. [Ipu 3TOM reHepanus
A®K MHOrokpaTHO yBeJIMUYUBAJIacCh, JOCTUrasa 264 + 22
OTH.e[l., YTO CBUJETEJIbCTBYEeT O OBICTPOM HapacTaHUU
OKHCJIMTEJIBHOTO cTpecca U HeJOCTaTOYHOCTH KOMITeH-
CaTOPHBIX MeXaHNU3MOB KJIETOK.

PesysibTaTel McceqOBaHUA IOKasaad, 4yTo oba
BUAA BoAgopocel o6agalT BEICOKUM OropeMeauany-
OHHBIM NOTEHIMAJIOM, ITOCKOJIbKY CIIOCOOHBI YAAJIATh
raudocaT M3 cpeAbl U HCIOJIb30BaTh €ro B KayecTBe
nuratesapHOro cybecrpara anA pocra. OgHako addek-
TUBHOCThb yAaJieHWA repOuIlMa BapbupyeT B 3aBHUCU-
MOCTU OT abMOTUYECKHX YCJIOBUM KyJIbTHBHPOBAHUA
Bofopocyiel. IloslyyeHHBle NaHHbBIE CBUAETEIbCTBYIOT
0 CJIOXKHOM B3auMMOJENCTBUM MeXAY OCBeIleHHOCTHIO
U TepOUIMHON Harpyskoil. CBeT BBICTyIIaeT MOAYJIsA-
TOPOM MeTab0IM4ecKOl aKTUBHOCTH KJIETOK: IIPU yMe-
PEHHBIX KOHI[eHTpanuAax riaudocara BbICOKasA OCBelleH-
HOCTb yCUJIMBaeT cTumyJianuio pocra T. viridis, Tornga
KaKk IIpM BBICOKMX KOHLIEHTpAlUAX CBETOBOH CTpecc
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MIOTEHIpyeT TOKCUYecKoe JelcTBHe repOounuaa, CHU-
’kas Nopor JIeTaJbHOCTH AJIA 060HUX BUAOB, HO B 60JIb-
men creneHu s T. viridis. D. salina neMoHCTpUpyeT
CIIOCOOHOCTh yAaIATh M3 CpeAbl BBICOKME KOHI[eHTpa-
uuu repounuga (1400-2100 mkr/i), KOTOphle OKa3bl-
BalOT OCTPOe TOKcHyecKkoe fericTBue Ha T. viridis. Otu
pas3nuys BaXXHO YUYUTHIBATh IIpU pa3paboTke TeXHOJIO-
T'Uii JOOYUCTKHU BOJ OT repOUNMAO0B. Pe3ysibTaThl ykassl-
BalOT HA IleJlecoo0pa3HoCTh IpuMeHeHus T. viridis njis
OBICTPOrO yAajieHWsA HU3KWX M YMEpeHHBIX N03 TJIU-
docara (mo 700 Mxr/i), Torma Kak JJisi OUMCTKU OT
BBICOKMX KOHIeHTpaluil 6osee abdexktuBHa D. salina.
Kpome TOro, mnpencraBjeHHble [OaHHBIE IOAYEpPKH-
BalOT He0OXOAMMOCTh ydeTa abHOTHYeCKuX (aKkTOpOB
IIpY 5KOJIOTHYECKOM IIPOrHO3UPOBAHUU IIOCJIeACTBUI
3arps3HeHus BOJJ0eMOB II¢0oCcaToOM.

4. 3aknioueHue

I'mudocar ctumynupyet poct T. viridis m D.
salina, 4TO BEIpaXxaeTcs B BEICOKON (POTOCUHTETUYECKO
aKTHUBHOCTU KJIETOK, HU3KOM YPOBHE OKHCJIUTEJIbHOTO
cTpecca W yBeJnueHUMU Ouomacchl. HabGiomaeMsiii
3ddeKT ropMesnca CBfI3aH CO CIOCOOHOCTBIO BOJOPO-
cJlell MCIOJIb30BaTh ryvdocaT B KauecTBe HCTOYHUKA
MMHepaJIbHOI'0 NUTaHMA, YTO AejlaeT UX NMOTeHLHaslb-
HBIMU 00beKTaMM OHMopeMuuanu BoJ OT repoutiyia.
VHTEeHCHBHOCTh CBeTa BBICTYIIAeT KJIIOYEBBIM MOJY-
JIATOPOM 4YyBCTBUTEJIBHOCTH BOJOPOCJEH K IIOJUIIO-
TaHTy: MOBHIIIEHHAs OCBELIEHHOCTh YCKOpsAeT MeTa-
6oJsinueckre IpOIecch B KJIeTKax, MOTEHIUpy:A Kak
CTUMYJIUPYIOIIUI, TaK W TOKCHYeCKUH 3ddeKT riu-
¢docara. IlokazaHa nesecoobpa3HOCTh NpruMeHeHUs T.
viridis 1yia 6bICTPOTO yIaJIeHUs HU3KUX U YMePEHHBIX
o3 raudocara (mo 700 mkr/). D. salina, B cBOIO ove-
pelb, XxapakTepusyercsa Oojiee IIMPOKON aMILIUTYA0MH
ajjanTanuy K coYyeTaHHOMY MAeNCTBUI0 TepOMLIAHON
HarpysKHu U CBETOBOI'0 CTpecca, 4TO [I03BOJIAET UCIIOJIb-
30BaTh 3TOT BUA [AJI OUYMCTKHU BOA OT BBICOKMX KOHIIEH-
Tparuii riamdocara.
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