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ABSTRACT. The impact of glyphosate and atrazine herbicides on the growth and photosynthetic activ-
ity of the Black Sea phytoplankton community in spring was assessed. It has been shown that atrazine is
more toxic to phytoplankton than glyphosate. The size structure of the phytoplankton community is an
important factor determining its sensitivity to herbicide exposure. Pico-phytoplankton is more sensitive
to pollutants than micro-nano-phytoplankton. Atrazine inhibits phytoplankton growth after 24 hours
of exposure, with the greatest negative impact on pico-phytoplankton (EC,,=16 pg/L). Micro-nano-
phytoplankton exhibits high resistance to atrazine (EC, =22-32 pg/L). Unlike atrazine, glyphosate has
a delayed effect on microalgae. For micro-nano-phytoplankton, the effect of glyphosate exposure is
observed after 4 days. Pico-phytoplankton reacts quickly to glyphosate: on the 3 day at 50 ug/L, a two-
fold decrease in abundance was recorded. The use of pico-phytoplankton as a bioindicator for monitor-
ing aquatic ecosystems and fluorescence parameters as early stress markers is recommended. Safe con-
centrations of atrazine and glyphosate for aquatic ecosystems do not exceed 5 and 10 pg/L, respectively.

Keywords: phytoplankton, bioindication, photosynthesis, pollutants, herbicides, atrazine, glyphosate

For citation: Solomonova E.S., Shoman N.Yu., Akimov A.I. Assessment of the toxic effects of the herbicides atrazine and gly-
phosate on the phytoplankton community of the Black Sea // Limnology and Freshwater Biology. 2025. - Ne 4. - P. 644-658.

DOI: 10.31951/2658-3518-2025-A-4-644

1. Introduction

Xenobiotics are foreign compounds that induce
various responses in microalgae cells, ranging from
damage to intracellular components to complete death.
The demand for herbicides is growing every year, and
their widespread and uncontrolled use leads to an
increase in the concentration of this group of pollutants
in the aquatic environment. In turn, the physiological
and biochemical similarities between algae and ter-
restrial plants increase the potentially dangerous risks
for phototrophic oxygen-producing microorganisms.
An increase in the concentration of herbicides in the
aquatic environment can lead not only to the suppres-
sion of algal growth, but also to the disruption of the
functional stability of ecosystems as a whole.

It has previously been shown that when certain
types of algae are grown in media containing herbi-
cides, their growth and photosynthetic activity are
suppressed, the production of reactive oxygen species
increases, and other physiological functions are dis-
rupted (Wang et al., 2016; Narayanan et al., 2024). The
phosphonate herbicide glyphosate (N-(phosphonomyl)
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glycine) is the main active ingredient in Roundup™ and
the most widely used chemical herbicide worldwide
(Duke and Powles, 2008). Glyphosate is a broad-spec-
trum herbicide that acts as an analogue of glycine,
inhibiting the synthesis of aromatic amino acids acting
on 5-enolpyruvylshimase-3-phosphate (EPSP) synthase
(Steinriicken and Amrhein, 1980). We have previ-
ously shown that the effect of glyphosate on individual
planktonic microalgae species is quite species-specific
(Solomonova et al., 2024). The addition of glyphosate
to the culture medium can have both positive effects
(as a source of nutrients due to the release of organic
phosphorus) and negative effects (as a toxic compound)
(Ilikchyan, 2009; Wang et al., 2016; Solomonova et al.,
2024).

Atrazine  (2-chloro-4-ethylamino-6-isopropyl-
amino-s-triazine) is also one of the most commonly
used agricultural herbicides and is present in sufficient
quantities in surface waters. The main action of atrazine
is aimed at inhibiting plant photosynthesis (Graymore
et al., 2001). This herbicide blocks the flow of electrons
between photosystem II (PSII) and photosystem I (PSI)
by reversibly binding to plastoquinone electron carrier,
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which stops the production of NADPH and ATP neces-
sary for the Calvin cycle and also leads to photooxida-
tive stress in cells containing chlorophyll (Forney and
Davis, 1981; Hess, 2000). In addition, atrazine has rel-
atively low affinity for organic carbon in soil, is mod-
erately soluble in water, and can persist in field condi-
tions for several months after application (Solomon et
al., 1996; Giddings, 2005). The study (El-Sheekh et al.,
1994) showed that sublethal concentrations of atrazine
induced general inhibition of growth, photosynthesis,
and dark respiration in the green alga Chlorella kessleri.
They also led to a progressive decrease in protein syn-
thesis and affected the composition of polyunsaturated
fatty acids.

An additional significant aspect that hinders an
adequate assessment of the impact of herbicides on
algae is the lack of data on the functioning of phyto-
plankton in natural aquatic ecosystems contaminated
with these pollutants. Most of the available experi-
mental data was obtained by working with individual
representatives of phototrophic microorganisms from
different systematic groups under various cultivation
conditions in laboratory conditions. This limits the
ability to transfer the results obtained to complex eco-
systems, where the interaction between organisms and
the external environment is more complex (Stauber and
Davies, 2000).

In this regard, the aim of the study was to assess
the impact of glyphosate and atrazine herbicides on the
growth and photosynthetic activity of the phytoplank-
ton community in the Black Sea.

2. Materials and research methods
2.1. Sampling and experimental
conditions

Seawater samples were collected in a 10-liter
polycarbonate tank from the surface layer (0-10 m)
at a station located on the Sevastopol coast between
Karantinnaya and Sevastopol bays (Sevastopol, Black
Sea 44°38’ N, 33°33’ E) in March 2025. Then it was
immediately delivered to the laboratory, where the
water was filtered through a nylon mesh with a mesh
size of 300 pm to remove mesozooplankton. At the time
of sampling, the water surface temperature was 10°C,
and the intensity of photosynthetically active radiation
(PAR) on the sea surface was 13 E m/? /day (LI-COR
Light level meter LI-1500 with LI-190R Quantum sen-
sors, USA). The content of dissolved inorganic nitrogen
was within the range of 3+ 3.2 pmol/L, and that of dis-
solved inorganic phosphorus was about 0.5 umol/L.

The toxicological test was conducted by creating
artificial model microcosms of algal communities. For
this purpose, the filtered seawater under investigation
was transferred to 250 mL glass flasks and solutions
of toxicants were added. The samples were incubated
inside a refrigeration camera equipped with an LED
light source (the flasks were illuminated from below)
and internal ventilation. The original temperature relay
was disabled and replaced with an electronic controller
that allows the cooling or heating mode to be adjusted
with an accuracy of +0.1 °C. During the experiment,
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the temperature in the camera was maintained at 10°C.
The samples were cultivated at an illumination of 150
LE/m/?/s and a light-dark cycle of 12:12 hours. The
abiotic conditions set in the experiments were similar to
those recorded at the time of sampling. The experiment
lasted 10 days. The 10-day period allowed to assess the
acute response of the phytoplankton community to the
effects of atrazine and glyphosate, as microalgae have
a short generation time and respond quickly to changes
in growth conditions. Samples for cytometric and PAM
fluorometric analysis were collected on days 2, 3, 4, 7,
9, and 10 of the experiment.

Chemically pure herbicides glyphosate (CAS
1071-83-6 inStockChinaSolarbio, 95%) and atrazine
(CAS 1912-24-9 ChinaSolarbio, 97%) obtained from
MoleculLab (Russia) were used as toxicants. Toxicant
solutions were prepared from stock solutions of glypho-
sate and atrazine. In the test flasks, the glyphosate addi-
tion was 0, 10, 50, 250 pg/L, and the atrazine addition
was 0, 10, 20, 25, and 100 ug/L, respectively. Herbicide
concentrations were selected based on the results of our
own preliminary studies (data not shown) and previ-
ously obtained results (Caux and Kent, 1995; Solomon
et al., 1996; Solomonova et al., 2024). Samples without
toxicants were used as control. Each experimental vari-
ant was duplicated in three replicates.

2.2. Research methods

The abundance of pico- (cell size 0.2-2 um) and
micro-nano phytoplankton (cell size 2-20 um) was
determined using a MACS Quant Analyzer flow cytom-
eter (Miltenyi Biotec, Germany), equipped with three
lasers (405 nm, 488 nm, 635 nm). Cytometric analy-
sis of samples was performed in the Collective Use
Center “Spectrometry and Chromatography” of A.O.
Kovalevsky Institute of Biology of the Southern Seas
Russian Academy of Sciences (IBSS). The FSC Express
7 Research Edition software was used for data process-
ing. Microalgae cell populations were identified on
cytometric scatter plots based on forward scatter (FS)
and autofluorescence of individual cells in the red (FL4,
675 nm) region of the spectrum, as shown in Figure
1. Orange fluorescence of phycoerythrin (FL2, 575
nm) was used to identify clusters of picocyanobacteria
of the genus Synechococcus (Mukhanov et al., 2016).
These groups form clusters on cytograms, which are
characterized by a high content of phycoerythrin and
its absence in picoplankton phytoplankton (Fig. 1b).
However, on the second day of the experiment, this
group of microorganisms was not identified on cyto-
grams and was excluded from further analysis of the
data obtained.

The fluorescence of the algae pigment complex
was measured using a Mega-25m fluorometer with
pulse modulation of the excitation light at a wave-
length of 455 nm (Gene and Cell Therapy LLC, Russia)
(Pogosyan et al., 2009). All fluorescence parameters
were determined in the red region of the spectrum
at a wavelength of 680 nm. Before measurement, the
samples were kept in darkness for 15 minutes. After
the dark adaptation period, the parameters F and F
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Fig.1. Identification of Black Sea phytoplankton clusters obtained using flow cytometry: pico- (PICO), micro-nano- phyto-
plankton (MNP), cyanobacteria of the genus Synechococcus (SYN) in the space of variables of forward light scattering (FSC-A (FS))
and red fluorescence (PerCP-Vio (FL4)) of chlorophyll (a). Phycoerythrin-containing cyanobacteria in the space of red fluores-
cence (PerCP-Vio (FL4)) and orange fluorescence ((PE-A (FL2)) variables (b).

were measured, where F_ is the fluorescence value of
chlorophyll a at open reaction centers, measured 2.5 ps
after the start of irradiation with an intensity of 5000
uE/m/?/s (pulse frequency 16 Hz); F_ is the maximum
fluorescence of chlorophyll a at closed reaction centers,
measured 1s after the start of irradiation with an inten-
sity of 5000 pE/m/?/s (pulse frequency 80 Hz).
Relative variable fluorescence (Fv/Fm), which

characterizes the maximum quantum efficiency of light
energy utilization, was calculated using the formula:

Fv _ Fm-Fo

Fm Fm

The relative electron transport rate (rETR) at a
given constant light intensity I was calculated using the
formula:

F'm—F'o
F'm
where: F’'m — maximum fluorescence of chlorophyll a
under constant illumination; F’| — zero fluorescence of
chlorophyll a under constant illumination; I — intensity

of constant illumination 500 puE/m/?/s.

rETR = I

2.3. Statistical analysis

Statistical data processing was performed
using standard software packages Microsoft Excel 7.0
(Microsoft Office) and Grapher-16 (Golden Software).
The values presented in the graphs and table rep-
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resents the average of three measurements. The bars
in the graphs represent the standard deviations of the
described values. The reliability of the differences
between samples was assessed using Tukey’s HSD test
with a significance level of p<0.05. EC, values were
calculated by interpolating the curves of cell number
changes from pollutant concentration in relation to the
control group without pollutant.

3. Results and Discussion

3.1. The effect of atrazine and glyphosate
on the growth of the phytoplankton
community.

The addition of toxicants to experimental micro-
cosms led to changes in the abundance and functional
state of phototrophic microorganisms. Figures 2 and 3
show the dynamics of pico- and micro-nanophytoplank-
ton abundance depending on the concentration of atra-
zine and glyphosate. The results showed that atrazine is
more toxic to both size groups of algae. Suppression of
algae population growth rates was observed at 10 pg/L
of herbicide. At higher concentrations of the pollutant,
its toxic effect on pico- and micro-nano phytoplankton
increased. On the 2 day of the experiment, a twofold
decrease in MNP abundance relative to the control
was observed at an atrazine concentration of 32 ug/L
(EC,,). On days 3 and 4 of the experiment, the value of
this parameter was 26 and 22 ng/L, respectively.
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Fig.2. Effect of the herbicides atrazine (a) and glyphosate (b) on the growth of micro-nano- phytoplankton.
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Fig.3. Effect of the herbicides atrazine (a) and glyphosate (b) on the growth of picoeukaryotic phytoplankton.

The addition of glyphosate did not result in sta-
tistically significant differences in MNP growth at the
initial stage of the experiment (1-3 days) (Tukey’s HSD
test, p< 0.05). On day 4, the number of cells in samples
with glyphosate decreased by 20% relative to the con-
trol. However, at 10 pg/L of glyphosate, MNP growth
recovered, indicating that the cells had adapted to the
changed growth conditions. It is possible that the min-
eralization of glyphosate by the bacterial community
contributed to the further development of micro-nano-
phytoplankton under the given conditions. At 50 and
250 pg/L of glyphosate, this effect was not observed,;
on the contrary, cell division stopped when algae were
further cultivated under these conditions. The EC,,
value was calculated on the 7% day of cultivation and
amounted to 28 pg/L.

The picofraction of phytoplankton showed
greater sensitivity to the action of the herbicides
studied compared to MNP. As shown in Figure 3, the
growth of pico-phytoplankton was significantly inhib-
ited by atrazine in a dose-dependent manner. At her-
bicide concentrations of 10, 20, 25, and 100 pug/L on
the 2 day of the experiment, the pico-phytoplankton
content decreased by approximately 12% * 2%, 33%
+ 3%, 51% * 3%, and 94% * 5% compared to the
native sample, indicating the acute toxicity of atrazine
to the pico-phytoplankton community. Further cultiva-
tion of pico-phytoplankton under these conditions led
to its death. On the 3 day of exposure, the EC,  was 16
ug/L for this size group.

The addition of glyphosate also led to a sharp
decrease in the abundance of pico-phytoplankton on
the 3 day of the experiment. At 10 pg/L of glyphosate,
picoplankton algae stopped growing. No statistically
significant changes in cell numbers were observed
during further cultivation of algae under these condi-
tions (Tukey’s HSD test, p<0.05). At 50 and 250 pg/L
of glyphosate, a progressive increase in inhibition was
observed. The EC_ calculated for 4 days of cultivation
was 50 pg/L.

Analysis of literature data showed that the
concentration of atrazine in biosamples from various
areas of the World Ocean ranges from 20 to 600 pug/L,
remaining in the water column for 1 hour to 10 days
(Solomon et al., 1996; Graymore et al., 2001; Nodler et
al., 2013). The EC_, calculated in our experiment on the
second day for MNP is 32 ng/L, which is at the lower
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limit of concentrations recorded in the natural environ-
ment, thus representing a reasonable and realistic level
of exposure for phytoplankton in the Black Sea. In stud-
ies (Jiittner et al., 1995; Bérard and Benninghoff, 2001;
Knauert et al., 2008), it was noted that the presence of
atrazine in water leads to shifts in the species compo-
sition of phytoplankton, which contributes to changes
in competitive hierarchies. The authors of the study
(Pinckney et al., 2002) concluded that dinoflagellates
are more resistant to atrazine than diatom microalgae.
The presence of glyphosate in aquatic ecosystems not
only inhibits the growth of microalgae or eliminates
certain species (Wang et al., 2016; Solomonova et al.,
2024), but also affects the structure of the microbial
community (Pérez et al., 2007; Vera et al., 2012). The
species structure of the community shifts from green
and diatom algae sensitive to glyphosate to cyanobac-
teria resistant to glyphosate. The authors of the study
(Lozano et al., 2018) show that periphyton exhibits
greater resistance to this pollutant, as it is less suscep-
tible to its active ingredients and commercial composi-
tions than planktonic microalgae.

We found that herbicides inhibit the picofrac-
tion of phytoplankton more significantly. This may be
due to the smaller size of PE cells and, as a result, the
larger surface-to-volume ratio of the cells (Echeveste
et al.,, 2010a). In addition, small-cell algae have lim-
ited resources for detoxification, in particular, reduced
compensatory mechanisms, reduced nutrient reserves,
and higher metabolic activity (Echeveste et al., 2010Db).
Such damage to the picofraction of phytoplankton
poses a potential threat to aquatic ecosystems, leading
to disruption of the microbial loop, changes in carbon
flows, and restructuring of the entire trophic network.

3.2. The effect of atrazine and glyphosate
on the photosynthetic activity of the
phytoplankton community

Chlorophyll fluorescence parameters were deter-
mined for the entire phytoplankton community. The
results obtained allowed us to identify the main trends
in changes in the photosynthetic activity of the natu-
ral algal community under the influence of the studied
toxicants (Figs. 4, 5). In the control sample (without the
addition of pollutants), the quantum efficiency of pho-
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Fig.4. Effect of the herbicides atrazine (a) and glyphosate (b) on the efficiency of the photosynthetic apparatus of the natural

phytoplankton community.

tosystem 2, characterized by the relative fluorescence
variable (Fv/Fm), and the relative electron transport
rate (rETR) were higher than 0.6 and 0.2, respectively,
throughout the experiment. Such values indicate high
photosynthetic activity of algae (Suggett et al., 2004).

When atrazine is added, direct inhibition of algal
photosynthesis is observed through the blocking of PSII
activity: a sharp drop in Fv/Fm and rETR values, as
shown in Figures 4a and 5a. The obtained result con-
firms the results previously presented in the literature
that atrazine is an inhibitor of photosystem II (PSII).
Its molecule reversibly binds to the QB site of the D1
protein in PSII, blocking the transfer of electrons from
plastoquinone (PQ) to the next acceptor, which leads
to the cessation of NADPH and ATP synthesis in the
light reactions of photosynthesis and the accumulation
of reactive oxygen species (ROS) that cause oxidative
stress in cells (Graymore et al., 2001).

Changes in the photosynthetic parameters of the
phytoplankton community under the influence of gly-
phosate correlated with the growth characteristics of
algae. At the initial stage of cultivation, this herbicide
did not have a significant effect on the efficiency of the
photosynthetic apparatus of the natural phytoplank-
ton community. Further growth of algae in the range
of concentrations studied led to a decrease in the Fv/
Fm parameter to values of 0.5 (Fig. 4b), which indi-
cates its indirect effect on photosynthetic processes in
the cell. At the same time, it is important to note that

(a)
0.28 ——0QugL?!
[l——10pgL! T
0.24| -+ 20 pgL? f\:
—+=25pg Lt 3
——100 pg L+ -
0.2

the blocking of cell division without further elimina-
tion of MNP in the concentration range of 5-250 pg/L
may be due to the gradual accumulation of metabolic
imbalance or changes in the composition of the com-
munity (Ilikchyan, 2009; Saxton et al.,, 2011). For
example, towards dinoflagellates capable of using gly-
phosate directly as a source of phosphorus (Wang et
al., 2016; Solomonova et al., 2024) or after bacterial
mineralization (Wang et al., 2016; Solomonova et al.,
2024). A similar pattern was observed in the effect of
glyphosate on the relative rate of electron transport in
phytoplankton.

Thus, pico-phytoplankton (PE) exhibits 1.5-2
times greater sensitivity to atrazine (EC, 16 ug/L) com-
pared to MNP (EC_, 22-32 nug/L), reacts to glyphosate
faster (3 days) than MNP (4-7 days) and demonstrates
more pronounced dose-dependent inhibition. Micro-
nanophytoplankton (MNP) is more resistant, shows the
ability to adapt at low concentrations of glyphosate
and requires higher concentrations to achieve EC_, as
shown in Table 1.

4. Conclusion

The results of the study showed that atra-
zine is more toxic to phytoplankton than glyphosate,
which is due to different mechanisms of action on
the cell. Atrazine inhibits the photosynthetic activity
of microalgae, while glyphosate blocks cellular meta-
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Fig.5. Effect of atrazine (a) and glyphosate (b) on the relative rate of electron transport in phytoplankton.
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Table 1. Comparative analysis of the mechanisms of action of the studied herbicides on micro-nano phytoplankton

Herbicide

Atrazine

Glyphosate

Time for the effect to manifest

0-24 hours

72-96 hours

EC_, concentration

22-32 ug/L (2-4 days)

28 pg/L (7 day)

Nature of impact

Direct inhibition of photosynthesis

Indirect metabolic disorder

Adaptability Not available Fvailable at <10 ug/L
Critical concentration for complete 50 pg/L 250 pg/L
inhibition
Parameter Control Atrazine (10 ug/L) Glyphosate (50 ug/L)
Fv/Fm >0.6 <0.3 (24 h) 0.5 (96 h)
rETR >0.2 <0.05 0.1-0.15
Response time - Minutes-hours A day

bolic processes. Atrazine exhibits pronounced size-de-
pendent toxicity, with the greatest negative impact
on pico-phytoplankton (EC, =16 ug/L). Micro-nano-
phytoplankton exhibits high resistance to atrazine
(EC,,=22-32 ng/L). Unlike atrazine, glyphosate has a
delayed effect on microalgae. For micro-nano- phyto-
plankton, the effect of the herbicide is observed after 4
days. Picofitoplankton reacts quickly to glyphosate: on
the 3 day at 50 pg/L, a twofold decrease in abundance
was recorded.

The practical conclusions of our study allow us
to identify pico-phytoplankton as an important bio-
indicator for monitoring aquatic ecosystems, and flu-
orescence parameters can serve as early markers of
stress. Recommendations for standardisation include
establishing safe concentrations of atrazine (less than
5 pg/L) and glyphosate (less than 10 pg/L) to protect
against negative impacts on ecosystems. Future research
should focus on studying the synergistic effects of pol-
lutants and the mechanisms of interaction between bac-
teria and algae to gain a deeper understanding of the
dynamics of aquatic ecosystems and develop methods
for their protection.
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OpuruHanbHan craTbf

OueHKa TOKCMUYEeCKOro AeMCcTBuUA [ IMNOLOGY
repbuuupoB aTtpasuHa u raudpocara FRESETWATER
Ha GUTONAAHKTOHHOE coo0LiIecTBO BIOLOGY
YepHoro mopAa

Cosomonona E.C.*, [lloman H.IO., AkumoB A.H.

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

AHHOTAIIHUS. TlpoBefieHa olleHKAa BJIUSHUA repOouiuaoB riaudocata M arpasMHa Ha pocT U (PoTo-
CHHTETHUYEeCKyl0 aKTUBHOCTh cooOImecTBa (UTOIJIAHKTOHA YepHOro Mops B BeCEHHUM IIE€pHOA.
YcTaHOBJIEHO, YTO aTpas3uH 0oJiee TOKCHUYEH AJiA PUTOIUIAaHKTOHA, yeM riaudocar. PasmepHas CTpyk-
Typa (UTONJIAHKTOHHOIO cooOIlecTBa ABJIAETCA BaXHBIM (aKTOPOM, ONpedesAlNlM ero YyBCTBU-
TeJIbHOCTh K BO3JAEHCTBHIO repOounuoB. [IMkopUTONIaHKTOH Oojiee YyBCTBHUTEJIEH K BO3JEHCTBHIO
[IOJIIIOTAHTOB, YeM MUKPO-HaHO(PUTOIIAKTOH. ATpasuH MHIHUOMpyeT pocT GUTOIJIAHKTOHA yXKe Yepes
244 BO3[ENCTBYsA, OKa3biBas HauOOJIbllee HEraTUBHOE BJMsAHWE Ha mMuKopuroriankToH (EC,, =16
MKT/71). HaHOQUTOIIAHKTOH MPOSABJIAET GOJIBUIYI0 YCTOMYMBOCTh K arpasuHy (EC, =22-32 MKr/i).
I'mudocat, B oT/IMuMe OT aTpa3vHa, OKa3blBaeT OTCPOUYEHHOe BO3ZelicTBHe Ha MUKpoBoAopocau. s
MUKPO-HaHO(PUTOIIaHKTOHA 3(@eKT BO3[elCTBUA repoulia CTAaHOBUTCA 3aMeTHBIM 4epe3 4 CYyTOK.
[MrkohUTONIIAHKTOH pearupyeT Ha riaudocat ObICTphie: Ha TpeTui eHb npu 50 MK/ 3auKCHUPOBaHO
JAByKpaTHOe CHI)XEeHHe UlCJIEHHOCTU. PekoMeHAyeTcsA NpuMeHeHHe (paKnuy NUKOPUTOIIaHKTOHA
Kak OMOMHAMKATOpa AJI1 MOHUTOPMHIA BOJHBIX SKOCUCTEM, a TapaMeTpoB (GJIyopeclieHIIUY B KauecTBe
PaHHUX MapKepoB cTpecca. besonacHble KOHI[eHTpaluy aTpasyHa U riaugocaTa Aj1A BOAHBIX 9KOCHCTEM
He npeBbIaiT S 1 10 MKr/ .

Kitiouegsie ctoga: GUTONIIAHKTOH, OMONHANKaNNA, GOTOCUHTE3, NOJUTIOTAHTH, FrepOUIMab], aTpa3uH, riaudocar
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1. Beepenue B JmTeparype yXe IOKa3aHO, 4YTO NP BbIpa-

IMIMBaHUM OTJIEJIbHBIX BHOB BOJOPOCTIEN Ha Cpejax,
cojiepXallnX pasJInuyHble KOHIEHTpAIluy repOuIiIoB,
HabiofaeTca nogaBjieHWe UX pocTa U paboTel HoTo-
CUHTETUYECKOTO armmnapara, yBeJIMUYeHHe BBIPabOTKHU
MPOAYKIMKM AaKTUBHBIX (GOPM KHCJIOPOJa M Hapylle-
Hue Apyrux o¢usuosornveckux ¢yHknuii (Wang et
al., 2016; Narayanan et al., 2024). ®ocdoHaTHHII
repounuy raudocar (N-(pochoHOMUIT)IITUINH) ABJIA-
eTCs OCHOBHBIM aKTHBHBIM HWHTDEIUEHTOM IpernapaTta

KceHoOMOTHKNM - 4YyXepoAHble COeOUHEHUs,
WHIYIMPYIOIE B KJIETKAaX MUKPOBOJOPOCTEN pas-
HOOOpa3Hble OTBETHBIE PpeakNuu: OT MOBpPeXIeHUA
BHYTPUKJIETOYHBIX KOMIIOHEHTOB 10 TIOJIHOM Tubesin.
PacTymuii ¢ KaXAsIM rOJIOM CIIPOC Ha repOouIuabl, Ux
MaccoBoe U OeCKOHTPOJIbHOE HCIIOJIb30BaHUE IPUBO-
OUT K YBEJIMYEHUIO KOHIIEHTPAI[UW MJAHHOM T'PYHIIBI
MOJUTIOTAHTOB B BOJTHOM cpenie. B cBoio ouepenp dpusu-

OJIOTMYECKME W OHOXMMHUYECKME CXOACTBA MEXIY PayHzan™ i HAHGOJIEe MMPOKO MCIIOMb3YEMBIM XHMH-
BOZIOPOCJIAMU Y HAa3eMHBIMM PACTEHHMAMH yCUJIUBAIOT YecKHM repGHIIIOM Bo Beem mupe (Duke and Powles,
MOTEHIINAJIBHO OINacHble PHUCKU 1A (GOTOTPOPHBIX 2008). Tymdocar mNpeAcTaBaseT CcOGON TepGHLKL
OKCHUT€HHBIX MMKPOOPTaHM3MOB. YBEJMYEHHE KOH- HIMPOKOrO CIIEKTpa EHCTBHs, KOTOPHIil AefiCTBYeT KaK
LeHTPALMy TepouliIoB B BOJOEMAX MOXET MPUBECTH aHaJIOr TJIMIMHA, MHIMOMPYS CHUHTE3 apOoMaTHYeCKUX
HE TOJIbKO K YTHETEHHUI0 POCTa aJIbrOEHO30B, HO U K AMUHOKUCIIOT, /IEfiCTBYIOMNX HA 5-eHOJI-MHPYBbLTIIH-

HapyleHuo (pyHKIMOHAJIBHON YCTOMYMBOCTU 3KOCH- mart-3-pocdaryio (EPSP) cunrasy (Steinriicken and
CTEM B I[€JIOM.

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: solomonov83@mail.ru (E.C. CostoMoHOBa)

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
IHocmynwna: 31 utona 2025; IIpunama: 20 asrycra 2025; eTcs o MexIyHapoJHo! jiutieH3uel Creative BY NG
Ony6tukoadana online: 31 aprycra 2025 Commons Attribution-NonCommercial 4.0.

651


https://www.doi.org/10.31951/2658-3518-2025-A-4-644
mailto:solomonov83@mail.ru

CornomoHoea E.C. u dp. / Limnology and Freshwater Biology 2025 (4): 644-658

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

Amrhein, 1980). Panee HaMu OBLJIO TOKa3aHO, 4YTO
BausAHUE riaudocaTa Ha OTAEIbHBIX IpeACTaBUTENEN
IUTAHKTOHHBIX MUKPOBOJIOPOCJIM JIOCTaTOYHO BHU/IO-
cneniuduyHo (Solomonova et al., 2024). Jo6aBJieHue
raudocta B KyJIbTUBAIOHHYIO CPEly OKa3BIBAET, KaK
MOJIOXKUTEIbHOE IeiicTBhe (MCTOYHUK IHTaTeIbHBIX
BEI[eCTB B pe3yJibTaTe BBICBOOOXIEHHE OpraHuye-
ckoro ¢docdopa), Tak U OoTpUIATENIbHOE (KaK TOKCHY-
Hoe coenuHenue) (Ilikchyan, 2009; Wang et al., 2016;
Solomonova et al., 2024).

Atpasun  (2-xJ10p-4-3THUJIaMUHO-6-M30MIPOILIa-
MHHO-C-TPUa3WH) TaKXe ABJIAETCS OJJHUM U3 HauboJiee
YacTO WCIOJIb3YEMBIX CEJIbCKOXO3SAUCTBEHHBIX TrepOu-
OUJIOB M B JJOCTaTOYHOM KOJIMYECTBE MPHUCYTCTBYET B
MOBEPXHOCTHHIX BoAaX. OCHOBHOE [IEHICTBHE aTpa3vHa
HalpaBJIeHO Ha MHTHOUpoBaHUE (POTOCUHTE3A pacTe-
Huil (Graymore et al., 2001). Jauasii rep6unug 6J10-
KHPYET IMOTOK 3JIEKTPOHOB Mexay dorocuctemoit II
(PSID) u potocucremotii I (PSI) myTem ob6paTMoOro cBs-
3BIBAHUA C TUJIACTOXUHOHOM-TIEPEHOCUYUKOM 3JJIEKTPO-
HOB, 4TO OCTaHaBJiMBaeT npousBoactso NADPH u AT®,
HeoOXOAMMBIX B NUKJIe KanbBHUHA, a TakKe MPUBOIUT
K ()OTOOKHCIUTEIILHOMY CTPECCY B KJIeTKax, Cofep-
xammx xyiopobuwst (Forney and Davis, 1981; Hess,
2000). Kpome Toro, arpa3uH KUMeeT OTHOCUTEJIbHO
HU3KO0€E CPOJICTBO K OPraHUYeCKOMY yTJIEPOJY B TIOYBE,
yMepeHHO pacTBOPUM B BOJAE, U MOXET COXPAHATHCA
B TIOJIEBBIX YCJIOBUAX B Te€UeHHE HECKOJIBKUX MECHAIEB
nocyie npuMeHeHus (Solomon et al., 1996; Giddings,
2005). B pa6ote (El-Sheekh et al., 1994) mokasaHo,
4yTO CyOJIeTasIbHBIE KOHIIEHTPALMK aTpa3vuHa WHIYIU-
poBayi 00lee TOpPMOXeHHe pocTa, (oTocuHTE3a U
TEMHOBOTO [bIXaHUs y 3ejieHoH Bogopociiu Chlorella
kessleri. OHu Takxe IPUBOAVIIN K IIPOrPECCUPYIOIIEMY
CHIDKEHHIO CUHTe3a 0GeJIKa M BJIMAJIM Ha COCTaB IOJIM-
HACHIIEHHBIX XUPHBIX KHACJIOT.

JIOIIOJTHUTEJIBHBIM 3HAYNMBbIM aCIIeKTOM,
3aTPYAHAIIINM afeKBaTHYIO OIIEHKY BO3IEMCTBUA I'ep-
OUIMIOB HA BOLOPOCIIU, ABJIAETCS HEAOCTATOK JAaHHBIX
0 (YHKIMOHMPOBAaHUM (PUTOIIAHKTOHA B €CTECTBEH-
HBIX BOJHBIX JKOCHCTEMAX, 3arpsA3HEHHBIX YKa3aH-
HBIMM TIOJUTIOTAaHTaMH. DBOJIBIIMHCTBO HMEIOIINXCS
AKCIIEpUMEHTAJIBHBIX JJAHHBIX MOJIyYeHO NpU paboTe ¢
OTAEJIbHBIMU MPeACTaBUTEIAMU GOTOTPODHBIX MUKPO-
OPraHu3MOB M3 Pa3HBIX CUCTEMAaTUYECKUX TPYMI MpHU
PA3JIMYHBIX YCJOBUU KyJIbTUBUPOBAaHUA B Jiabopa-
TOPHBIX YCJIOBUSX. DTO OTpaHUYUBAET BO3MOXHOCTb
repeHoca MOJIyYEHHBIX Pe3yJIbTAaTOB HAa CJIOXKHBIE KO-
CHUCTEMBI, TJle B3aMMOIENCTBUE MEXAY OpPraHu3MaMH
U BHEIIHEH cpefodl sBiigeTcsA 0oJiee KOMIUJIEKCHBIM
(Stauber and Davies, 2000).

B cBA3M C 3TUM, IIeJIbI0 paboThl ObLIa OLIEHKA
BJIMAHUA TepOULUI0oB rudocaTta U aTpa3vHa Ha poCT
1 GOTOCMHTETUYECKYI0 aKTUBHOCTD coobIecTBa GuUTo-
IUTAaHKTOHA YepHOro MOpH.

2. MaTtepuanbl H MeTOAUKA UCCAEAOBaHUM
2.1. OT60p Npo6

[Tpobsl Mopckoit Boabl otbupasu B 10-nmutpo-
BBII MOJIMKapOOHATHBIN 6aK M3 MOBEPXHOCTHOTO CJIOS
(0-10 M) Ha cTaHIUM, PaCIOJIOXEHHOI Ha CeBacTo-
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II0JIbCKOM B3MoOpbe MexAy OyxTramu KapanTuHHaA u
CeBacronosbckas (CeBacronosib, UepHoe Mope 44°38’
c.mr., 33°33” B.4.), B MapTe 2025 rozia. 3ateM cpa3sy xe
JIOCTaBJIANIN B jabopaTopuio, rae GuibTpoBaaud BOAY
yepe3 HEeIJIOHOBYIO CETKY ¢ pa3MepoM sdeek 300 MkM
JUIA yaajieHys Me30300IIaHKToHa. Ha MomeHT oT6opa
Ipo0 TeMIlepaTypa Ha IMOBEPXHOCTH BOJBI COCTaBJIAIa
10°C, MHTEHCUBHOCTHb Majjamiieil Ha IOBEPXHOCTH
Mopsa @AP Owuta paBHa 13 3/m2menp (LI-COR Light
level meter LI-1500 with LI-190R Quantum sensors,
USA). CopepxaHue pacTBOPEHHOI'0 HEOPraHUYecKOro
azoTra Haxo4WJOoCh B mpefenax 3+ 3.2 MKMOJb/JI, a
pacTBOpeHHOro HeopraHudeckoro docdopa — 0K0JO
0.5 MKMOJIB/ 1.

TokcuKOJIOTMYecKuil TeCcT NPOBOAWIICA IIyTeM
CO3[1aHNA MCKYCCTBEHHBIX MOJEJIbHBIX MUKPOKOCMOB
asproneHosa. Jyisa aToro uccjaegyeMmyio oTGUIbTPOBaH-
HYyI0 MOPCKYI0 BOAY IIePEHOCUJIN B CTEKJIAHHBIE KOJIOBI
o6beMoM 250 Mu1 U A00aBJIATMA pacTBOPHl TOKCUKAH-
TOB. MHKy0aI1io o0pa3loB IPOBOAWJIN BHYTPU XOJIO-
JUJIBHON KaMmephl, OOOpDYAOBaHHON CBETOAUOJHBIM
HCTOYHUKOM cBeTa (ocBellleHHe KOJIO OCYIIeCTBJIAIOCh
CHU3Y) U BHYTpPeHHeN BeHTWIALMel. CoOCTBEHHOE TeM-
IepaTypHoOe peJie OTKJII04aJIoch 1 ObLI0 3aMeHEeHO 3JIeK-
TPOHHBIM PpEryJIATOPOM, IO3BOJIAIONIMM HacTpauBaTh
peXuM OXJIaXIEHWUsA WM HarpeBaHUsA, C TOYHOCTBIO
+0.1 °C. B xoze skcnepuMeHTa B KaMepe MOoJJepXKu-
Bajiace Temrneparypa 10°C. IIpoGsl Ky/IbTUBHUPOBAINCH
npu ocsemjeHHOcTH 150 MKE M2 ¢! 1 cBeTO-TEMHOBOM
pexume 12:124. 3amaHHble abMOTHYECKHE YCJIOBUA B
JKCIIepUMeHTaxX OBLJIM aHaJIOTUYHBL, 3adUKCHpPOBaH-
HBIM Ha MOMEHT 0T0opa npo6. JJInTeIbHOCTh SKCIepu-
MeHTa coctaBusa 10 cyTok. BeibpanHbIl 10-AHEBHBIN
[epuoA MO3BOJIMJI OLIEHUTh OCTPYI0 peakluio cooOlie-
cTBa (pUTONIAHKTOHA HA BO3JIEHCTBHE aTpa3uHa U IJid-
(docara, TOCKOJIbBKY MUKPOBOJOPOCJIU NUMEIOT KOPOTKOe
BpeMs reHepaluu U OBICTPYI0O OTBETHYIO peakliuio Ha
H“3MeHeHue ycJI0BUi pocTta. IIpo6sl A1A nuTOMeTpude-
ckoro u PAM-¢dayopuMeTprueckoro aHajausa oToupa-
Juch Ha 2, 3, 4, 7, 9 u 10 cyTku sKcneprMeHTa.

B kauecTBe TOKCHKaHTa MWCIOJIb30BAJIU XUMHU-
yecKu-uyucTele repoburuasl raudocat(CAS 1071-83-6
inStockChinaSolarbio, 95%) u arpa3us (CAS 1912-24-9
ChinaSolarbio, 97%), koTopsie GBUI MOJIyYeHBI OT KOM-
nannu MolecuLab (Poccus). 3 MaTOYHBIX pacTBOPOB
raudocaTa ¥ aTpasrHa FOTOBUJIM PacTBOPHI TOKCHKAH-
TOB. B onBITHREIX KOJI6ax qobOaBKa rimdocara cocTaBuia
0, 10, 50, 250 mkr/a, aatpasuna 0, 10, 20, 25 u 100
MKT/JI COOTBeTCTBeHHO. KoHIleHTpanuu uccjiegyeMbIx
repounuAoB ObUIM BHIOpaHBI HA OCHOBAHMUMU pe3yJibTa-
TOB COOCTBEHHBIX IpeJBapUTE/IbHBIX HCCIIeJOBaHUN
(maHHBIe He IOKA3aHBI), a TaKXe paHee IOJyYeHHBIX
pesyspratax (Caux and Kent, 1995; Solomon et al.,
1996; Solomonova et al., 2024). O6pa3is 6e3 go6GaB-
JIeHUs TOKCHKAHTOB OBLIM MCIIOJIb30BaHBLI B KauecTBe
KOHTpoJIA. Kaxxaplil BapuaHT sKcniepuMeHTa OyO0Jpo-
BaJjicsl B 3 MOBTOPHOCTSAX.

2.2. MeToAbl HCCAEAOBaAHUN

YucneHHOCTh MHUKO- (pa3mMep kjieTok — 0.2-2
MKM) U MHKpPO-HaHOMUTOIJIAaHKTOHA (pa3Mep KJIETOK
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— 2-20 MKM) ompefesisiid C IOMOIIbI0 MPOTOYHOTO
nuroMerpa MACS Quant Analyzer flow cytometer
(Miltenyi Biotec, Germany), OCHaIlleHHOT'O TpeMs Jia3e-
pamu (405 nm, 488 nm, 635 nm). LiuTomeTpruueckuii
a"anu3 npo6 nposoaunu B LIKII «CnexkrpomeTpusa u
xpomaTorpadpusa» ®UL] UHBIOM. The FSC Express 7
Research Edition software was used for data processing.
INonynAuuy KJIETOK MUKPOBOJOPOCJIeH ObUIM WMIEeHTH-
dunupoBaHbl Ha HUTOMETPHUYECKUX TOUYEUHHIX rpadu-
Kax Ha ocHoBe npsaMmoro cBeropaccesanus (FS) u aBro-
dyopecrnieHIIUN OTAEJIBHBIX KJIeTOK B kpacHoi (FL4,
675 HM) obylacTU cneKkTpa, YTO MoKa3aHO Ha PucyHke
1. OpanxeBas ¢uyopecieHuusa ¢ukospurpuna (FL2,
575 HM) OBLIa HCIOJIb30BaHA Ui HAeHTU(PUKANUU
KJIaCTepOB NUKoUMaHOOGaKTepuil ponaa Synechococcus
(Mukhanov et al., 2016). 3Tu rpynmnbsl 06pa3yloT KJja-
CTeppl Ha LUTOrpaMMax, KOTOpBle XapaKTepU3yTC:
BBICOKMM cofiepXaHueM (UKOIPUTPUHA U €ero OTCyT-
CTBUEM Yy IMKOIyKapUOTH4ecKoro (QUTOIIaHKTOHA
(Puc. 16). OgHako yxe Ha BTOpbIe CyTKU 3KCIepUMeHTa
JaHHas rpynna MUKpOOpraHU3MOB He HAeHTuhUIupo-
Bajlach Ha IIUTOTPaMMBIX U ObLJIa MCKJIIOUEHA U3 JaJjlb-
HeMIllero aHajin3a MoJIy4YeHHbIX JaHHBIX.

H3mepenue ¢JiyopeclieHIMM NUTMEHTHOIO KOM-
IJIekca BOAOpOCJell IpoBoAWIM Ha (uyopuMerpe
«Mera—-25mM» ¢ UMITyJIbCHOM MOJYJIsANMell Bo36yxaaro-
mero ceeta Ha myuHe BOJIHBL 455 HM (OO0 «['eHHasA u
KJIeToyHasA Tepanus», Poccus) ([Torocsas u gp., 2009).
Onpepenenue Bcex GIyopeclieHTHBIX TapaMeTpOB IIPo-
BOJWJIM B KpacHOH 00JIacTU cIleKTpa Ha AJIMHEe BOJIHBI
680 uMm. Ilepen usmepenreM npoObl BeIEpKUBAIU 15
MHHYT B TeMHoOTe. [locjie mepuoja TeMHOBOM apal-
Tanuu usmepsan napamerpsl F)u F , toe F - Benu-
ynHa (¢JIyopecleHIN XJI0poduilia a NpU OTKPHITHIX
PeaKI[MOHHBIX LIeHTpaX, u3MepeHHas yepe3 2.5 MKC OT
HayaJia OOJIy4eHUs ¢ MHTeHCUBHOCThI0O 5000 MKMOJIb
doton/(M? ¢) (vactora ummysibcoB 16 I'm); F_- makcu-
MaJibHas (¢JiyopeclieHIUA XJ0poduijia a Ipu 3aKphl-
THIX peakIMOHHEIX LIeHTpaX, u3MepeHHas depe3 1 ¢ oT
Havyasa oOJiydeHUA C UHTEeHCUBHOCTBI0 S000MKMOJIb
doton/(M? ¢) (qacTota nmmysibcoB 80 I'm).

OTHOCHUTesNIbHYI0 BapualesibHYyI0 (QJiyopeciieH-
uuio  (Fv/Fm), xapakTepusyiollyl0 MaKCHMaJIbHYIO
KBaHTOBYI0 3((PEeKTUBHOCTh UCIOJIb30BAaHUA CBETOBOM
SHEpruu, pacCUYUTHIBAIU 10 hopMyJie:

(a)

FL4 Log

FS Log

Fv _ Fm-Fo

Fm Fm

Bennunny rETR npu onpefejieHHON WHTEH-
CHBHOCTU IIOCTOSIHHOTO cBeTa [ paccuuTeiBajId IO
dopmyJie:

F'm—F'o
F'm
rae: F’m — makcuManbHas QiyopeciieHIns xJjo-
podunia a Ha GoHe MOCTOSHHOIO ocBemleHus; F'0 —
HyJeBas (QJiyopecieHIUsA xJopoduiiia a npu mocTo-
SHHOM OCBeI[eHNY; | — MHTEHCUBHOCTh IIOCTOSIHHOTO
ocBetieHus 500 MkMoJib GpoToH/ (M2 ).

rETR = I

2.3. CtaTucTHUECKHM aHaAU3

CratucTuueckyro o00pabOTKy MAaHHBIX IIPOBO-
JWIN C WCIOJIb30BaHUEM CTaHAAPTHBIX IIpOrpaMM-
HBIX nakeToB «Microsoft Exel 7.0» (Microsoft Office),
«Grapher-16» (Golden Software). 3HaueHus, mpen-
cTaBJIeHHbIe Ha rpadukax u B Tabiulle, IpeaCTaBJIAI0T
cob0i1 cpefHee 3HaueHHE TpeX U3MepeHuil. Bapel Ha
rpadukax npejcTaBJieHbl B BUJe CTaHAAPTHBIX OTKJIO-
HEHUUM ONHMCAHHBIX 3HAvYeHUH. J[OCTOBEPHOCTH pas-
JUYUE MeXAy BHIOODKaMH{ OLEHUBAJIU C IIOMOIIbIO
tecta Tukey’s HSD c ypoBHeMm 3Haummoctu p <0,05.
3navenusa EC, ObUIM paccuMTaHbl MyTEM HMHTEPIIOJIA-
I[VY KPUBBIX M3MeHeHNs YKCJIEHHOCTHU KJIETOK OT KOH-
[[eHTpaluy [OJUII0TAHTa 10 OTHOIIEHUI0 K KOHTPOJIb-
HOU rpyrtrie 6e3 MOJUTIOTaHTa.

3. Pe3yabTartbl M 06cy)XxpeHue
3.1. Bausanue atpasuHa u raudocara Ha
pocT GUTONAAHKTOHHOIO coobwecTBa.

JlobGaBjieHrie TOKCHMKAHTOB B 3KCIEpHUMeHTaJlb-
Hble MHUKPOKOCMBI NPUBOJWJIO K M3MEHEHUI0 YKCJIeH-
HOCTU U QYHKIMOHAJIBHOI'O COCTOSHUA HOTOTPOPHBIX
MukpooprannsMoB. Ha Pucynkax 2 u 3 npencrasyeHa
JUHaMMKa U3MeHeHUs YMCJIEHHOCTU MHKO U MHUKPO -
HaHODUTOMJIAHKTOHA NpHU A00aBJIeHUU B Cpely aTpas-
nHa u rimdocara pasHOU KoHIleHTpanuu. Hamu BbisAB-
JIeHO, 4TO JJig 06eux uccjefyeMbIX pa3MepHbIX TPyl
BoZlopocyieli Oojiee TOKCUYHBIM ABJIAETCA aTpasuH.

(b)

FL4 Log

FL2 Log =

Puc.1. Vpentuduxanus KjacTepoB GUTOIJIAHKTOHA YepHOro Mops, MOJyYeHHBIX C IIOMOIIbI0 IPOTOYHOHN IUTOMETPUM:
nuko- (PICO), mukpo-HaHodurtomwiankToH (MNP), nuaHo6akrepuu poaa Synechococcus(SYN) B mpocTpaHCTBe EpEMEHHBIX M-
moro cBeropaccesnus (FSC-A (FS)) u xpacHoit ¢pnyopecteniuu (PerCP-Vio (FL4)) xnopodusa (a). ®UKO3pUTPUH coAepika-
e 1raHobakTepun B IPOCTPAHCTBe epeMeHHbIX kpacHo! duryopeciieHnun (PerCP-Vio (FL4)) u opamxeBoii ¢iyopecieHInu

((PE-A (FL2)) (6).
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Puc.2. Biausnue rep6unyioB atpasuHa (a) u riaudocara (6) Ha pocT MUKPO-HaHODUTOILIIAHKTOHA.

INomaByieHne TeMIOB pocTa MOMyJALUAN BOAOPOCIEH
OoTMeueHO yxe IIpu 10 MKr/s1 gaHHoro repounuaa. [lpu
yBeJINYeHUH KOHILEHTpaluy MOJUII0TaHTa ero ToKcruye-
CKOe JeliCTBHe Ha NMUKO M MHUKPO-HaHO(PUTONJIAHKTOH
Bo3pacTasio. Tak, Ha 2 CyTKU dKCIIepUMeHTa ABYyKpaT-
HOe CHIXeHHe ynciieHHOoCcT MNP oTHOCHUTEIbHO KOH-
TpoJiA HaOJII0JaJIoCh IIPU KOHIEeHTpalluu aTpasuHa 32
MKT/JI (ECSO). Ha 3 u 4 cyTkn skcrneprMeHTa 3Haye-
HYEe [aHHOI'0 MapaMeTpa COCTaBWjIO 26 U 22 MKI/J
COOTBETCTBEHHO.

JloGaBneHne ramdocara B HcciieyeMbIX KOH-
LIEHTpaluAX He NPUBOJAWJIO K CTaTUCTUYECKU 3HaYM-
MBIM pasinuusaM B pocte MNP Ha HavasibHOM 3Tane
sKcriepuMeHTa (mepBble YeTBepo cyTok) (Tukey’s HSD
test, p< 0.05). Ha 4 cyTKku 4YHUCJIEHHOCTH KJIETOK B
obpaznax c riaudocatoM cHusmiaack Ha 20% OTHOCH-
TeJIbHO KOHTpoJisA. OfHako faapHeimuii poct MNP B
YCJIOBUAX 3arpA3HEHHOCTH Iin¢ocaToM B KOHLIEHTpa-
nuu 10 MKr/J1 BOCCTaHaBJIMBAJICA, YKa3blBasd Ha ajarl-
Talyl0 KJIETOK K KM3MEHUBIIMMCH YCJIOBUAM pOCTa.
Bo3aMmoxHO, ocsieAyolias MUHepaau3anusa riaudgocara
OaxTepuaJIbHBIM COOOIIECTBOM TakKe CIIocOOCTBOBaJIa
JajipHeleMy pa3BUTHI0O MUKPO-HAaHOQHUTOIIJIAKTOHA B
3afjaHHBIX yCJIOBUAX. IIpyn KoHIeHTpauuu riaudocara
50 u 250 Mkr/;n gaHHoro sgdekTta He HaOJIIOAAIOCh
Y 3aMeJiJIeHre CKOPOCTH poCTa BOJOPOCJIeH Npy AaJjlb-
HeHIllleM KyJbTUBUPOBAaHHUU COIPOBOXAAJIOCH MOJIHOM
OCTAHOBKOH JeJieHUs KJIETOK. 3HauyeHMe EC,, OBLJIO
paccyuTaHo Ha 7 CYyTKH KyJIbTUBUPOBAaHUA U COCTa-
BIJIO 28 MKT/JI.

| N
16 R 1 1

! -+ -

=14 ——0Q gL+

= b ——10 pg L

=12 -+ 20 pgL?

s ——25 ug L'

o —— 100 ug Lt

©

2

< D

= T

3 T

Days

[Muxodpakuua GUTONIAHKTOHA MOKa3aja 60oJib-
IIyI0 YyBCTBUTEJBHOCTh K JEWCTBHUIO MCCJIEAyEeMBIX
rep6bunuaos no cpaBHeHuwo ¢ MNP. Kak mokasaHo Ha
PucyHke 3, pocT NMKO(PUTOIJIAHKTOHA 3HAYUTEJILHO
MHTHOMpoBaJICA aTpasMHOM [J0303aBUCHUMBIM 00pa-
30M IIO CPaBHEHHUIO C TAKOBBIM B KOHTPOJIBHOH I'pyIIIe.
[Tocsie Bo3aelicTBUA JaHHOrO repOuIia B KOHI[EHTpa-
nuax 10, 20, 25 n 100 MKr/J1 Ha 2 CyTKU SKCIIeprMeHTa
cofepxaHue MNUKOQUTOIIAHKTOHA CHU3WJIOCH IIpU-
MepHO Ha 12% =+ 2%, 33% = 3%, 51% =+ 3% u 94%
+ 5% 1o cpaBHeHMIO HATMBHBIM 00pas3l[OM, YTO YKa3bl-
BAaeT Ha OCTPYI0 TOKCMYHOCTb aTpasvHa JisA cooOlie-
cTBa nukoduronnaHkroHa. U ganbHelllee KyJIbTHUBU-
poBaHMe B AaHHBIX YCJIOBUAX NPUBOAWIIO K rubenu 1.
Ha 3 cytku skcnosunuu EC,, coctaBuio 16 MKr/i s
JIaHHOH pasMepHO! I'PYIIIILL

JobaBieHue riudocarta Takke IPUBOJUJIO K
Pe3KOMy CHIXXEHUI0 YHMCJIEHHOCTH NUKOPUTOILIaH-
KTOHa yXe Ha 3 CyTKu dKcllepuMeHTa. [Ipyn KoHIeH-
Tpauuu riaudocara 10 MKI/JI IHKO3yKapUOTUYECKHE
BOZIOPOCJIA OCTAHABJIMBAJIM CBOM POCT, He BHI3bIBAA
CTaTUCTUYECKH 3HAYMMBIX U3MEHEHUN B YKCJIEHHOCTHU
KJIETOK IIpY JajbHelIleM KyJIbTMBUPOBAaHUY B 3aJaH-
Hbx yeaosusax (Tukey’s HSD test, p<0.05). IIpu xoH-
neHTpauuax raudocra 50 u 250 Mkr/a Haba04aI0Ch
Iporpeccupypollee ycuieHue HUHruOuposanudA. IIpu
BozeiicTBun rimgocata EC, ) paccunTaHo Ha 4 CyTKH
KyJbTUBHUPOBaHUA (40 3TOro He Habmogasiocsk 50%
CHIDKeHMA yucjeHHocTu I19) u coctaBuyio 50 MKr/JI.

A
=
=)
=
=
2
35
2 R
= ——Oupgl S
4 =10 ng Lt N N I
——5 L RN
5 +=50ugL . =N
——250 ug L} S -
i _771-\4
0 T T T T T T T T 1

0 1 2 3 4 5 6 7 8 9 10

Days

Puc.3. BiusHue rep6uiiuios aTpasuHa (a) u riaudocara (6) Ha poCcT MUKO3YKapUOTUYeCcKOro GUTOILIaHKTOHA.
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Ananu3 juTepaTypHBIX [JaHHBIX IIOKasaj, 4TO
KOHIIeHTpal1s aHTpa3WHa B OMonpolax M3 pa3IMyHbIX
yuacTkoB MupoBoro okeaHa kose6iercs ot 20 mo 600
MKT/JI, COXpaHssAch B BOAHOH Toue ot 1 waca go 10
nHenn (Solomon et al.,, 1996; Graymore et al.,, 2001;
Nadler et al., 2013). Paccuntannas Hamu EC, ) Ha BTO-
pble cyTku asia MNP cocrassisetr Bcero 32 MKr/Ji, 4TO
HaxXOAWUTCA Ha HUXXHeN IpaHulle perucTprUpyeMBbIX KOH-
LleHTpaluii B IpUPOAHON cpelie, TeM caMbIM Npe/iCTaB-
55 cOO0M pa3yMHBIM U peaJIMCTUYHBIN YPOBEHb BO3-
JericTBUA Ha GUTOIIaHKTOH YepHoro mops. B paboTtax
(Jiittner et al., 1995; Bérard and Benninghoff, 2001,
Knauert et al., 2008) oTMeueHO, 4TO MPUCYTCTBUE TaH-
HOro repounuAa B BOAHON TOJIIe NPUBOAUT K CABUraM
B BUJIOBOM cocTaBe (PUTOIJIAHKTOHA, YTO CIIOCOOCTBYeT
W3MeHEeHHUAM B KOHKYPEHTHBIX HepapXusaxX. ABTOPH B
cBoeM ucciegoBanuu (Pinckney et al., 2002) npunuiu K
BBIBOAY, YTO AMHO(IIaressIATs 00yafaloT 6oJiee BHICO-
KOHM yCTONYMBOCTBIO K JeVICTBUIO aTpa3uHa, [0 CpaBHe-
HUIO C MpeACTaBUTEIAMU AUATOMOBBEIX MHKPOBOAOPO-
cieii. IIpucyTcTBre riudocaTa B BOOHON 3KocHCTeMe
TakXe He TOJIBKO CONPOBOXaeTcs 0JIOKMPOBKOM pocTa
MHKPOBOAOPOCJIeH WJIN 3JIMMUHAI OT/1eJIbHBIX BU/IOB
(Wang et al., 2016; Solomonova et al., 2024), Ho u BJIU-
€T Ha CTPYKTYpPY MHUKpoOOHOro coobiectBa (Pérez et
al., 2007, Vera et al., 2012). BugoBas cTpyKTypa coo0-
mecTBa cMellaeTcsa OT YyBCTBUTEJIBHBIX K Iyimdocarty
3eJIeHBIX U JUaTOMOBBIX BOAOPOCJEN K YCTOWYMBHIM
k rimudocaty nuaHobaktepusMm. ABTopamMu B paborte
(Lozano et al., 2018) moka3aHo, 4TO NeEPUDUTOH MPOSIB-
J1sieT 60JIBIIYI0 YCTOMYMBOCTD K JAHHOMY IIOJUIIOTAaHTY,
Tak Kak OH MeHee NOJIBEP>KeH BJIMAHUIO €ro aKTHUBHBIX
WHTPeIMeHTOB U KOMMepUYeCKUX COCTaBOB, YeM ILIaH-
KTOHHBIE MUKPOBOZOPOCIIU.

[Tpu 3TOM HaMu NOJIy4eHO, 4YTO MHIuOupoBaHue
nukodpaknuyu (QUTOIJIAHKTOHA HCCIeyeMbIMHU I0JI-
JI0TaHTaMu OoJiee BbIpaXkeHO. DTO MOXeT OBITh 00y-
CJIOBJIEHO MEHbBIIIUM pa3MepoM KJieTok I1D u kak cief-
cTBUe OOJIBIINM OTHOIIEHNEM IIOBEPXHOCTU K 00beMy
kietku (Echeveste et al., 2010a). Kpome TOro meko-
KJIeTOYHBIe BOJOPOC/IM UMEI0T OrpaHru4YeHHble pecypChl
JUIA AeTOKCHKaIliM, B YaCTHOCTHA MeHbINe BO3MOX-
HOCTH KOMIIEHCAaTOPHBIX MEXaHWU3MOB, CHWXXEHHBIN
pe3epB UTaTeJIbHBIX BellecTB U 0ojiee BHICOKYI0 MeTa-
6osmmveckyto akTuBHOCTh (Echeveste et al., 2010Db).
Takoe noBpexaeHHe NUKOQPaKIUU HeceT IOTeHIU-

(@)

—e—0 gL'
——10 gLt
0.1 —-+- 20 pg L't
——25pugL!
——100 pgL!
0 T T T T T T T T
0 1 2 3 4 5 6 7 8 9

Days

aJIBHYI0 Yrpo3y AJis BOJHBIX JKOCHUCTEM, INPUBOAS K
HapyLEeHNI0 MUKPOOHO! MeT/M, U3MeHEeHNI0 TOTOKOB
yrjaepojia u mepecTpoiike Bceil Tpoduieckoil ceTu.

3.2. Bauanume aTpasuHna v raudocarta
Ha POTOCHHTETHUECKYIO AKTUBHOCTb
GUTONNAHKTOHHOrO coobecrTBa.

[TapameTpnl (piiyopecueHIU xji0poduslia ObUIN
onpefiesieHbl AJiA Bcero (pUTONIAHKTOHHOTO cooOIie-
cTBa. [losydeHHBIe pe3yJibTaThl MO3BOJIMJIN OIpefe-
JIUTb OCHOBHBlE TEHJEHLIUH WU3MeHeHUsA (OTOCHUHTe-
TUYeCKOH aKTHBHOCTH NMPUPOJHOIO ajbrouneHosa Ipu
BO3/elICTBUM HCC/IeyeMbIX TOKcHuKaHToB (Puc. 4, 5). B
KOHTPOJIbHOU mpobe (6e3 mobapjieHNsA MOJUIIOTAHTOB)
kBaHTOBasA 3(PdekTuBHOCTH paboThl doTOoCUCTEMHI 2,
xXapakTepusyeMas BeJIMYMHOVN OTHOCHUTEJIbHOH Iepe-
MeHHOU ¢uyopectiennuu (Fv/Fm), u oTHocuTesibHas
ckopocTh 3JiekTpoHHoro TpaHcnopta (rETR) 6buiu
Beinie 0.6 1 0.2 COOTBETCTBEHHO Ha NPOTXXKEHUU BCEro
JKclleprMeHTa. Takue 3HauYeHUs yKasblBalOT Ha BBICO-
Kyl0 (POTOCHHTETHYEeCKyl0 AaKTMBHOCTb BOAOpOCJel
(Suggett et al., 2004).

[Ipu poGapsieHnMu aTpasuHa HabslogaeTcA Mps-
Moe MHrubupoBaHue (HOTOCHHTE3a BOAOPOCJel uepes
6;10kupoBKy pabotrel @DCII: pe3koe majeHue 3Haye-
Huii Fv/Fm u rETR, 4yro mokaszaHo Ha Puc. 4a, 5a.
[TopyueHHBIN pe3yabTaT NOATBEpXKAaeT paHHee Iped-
CTaBjleHHble B JIMTepaType pe3yjbTaThl, YTO aTpa3uH
sABasercsi wuHruburopom ¢orocucremsr I (DCID).
Ero mosekysia obpaTtumo cBa3biBaeTcsa ¢ QB-catiTom
D1-6enka B ®CII, 6J0KUpPys MEPEHOC 3JIEKTPOHOB OT
macroxuHona (PQ) x ciefyromeMy akLeNnTopy, 4TO
NpUBOAUT K mpekpaiieHuio cuHte3a NADPH u AT® B
CBETOBBIX peakIiyax GOTOCUHTEe3a ¥ HAKOILJIEHUIO peak-
TUBHBIX popm kucyaopoga (ADK), BEI3BIBAIOMUX OKUC-
JINTEJILHBIA cTpecc B KieTkax (Graymore et al., 2001).

H3meneHrne (GOTOCMHTETUYECKUX IIapaMeTpOB
(pUTONIAHKTOHHOrO coo0ILlecTBa MNpHU BO3HENCTBUU
raudocaTa KOPpPeINpoBajio C POCTOBBIMH XapakTe-
puctukamu Bomopocieil. Ha HavajpHOM 3Tame KyJib-
TUBHPOBAHUA [NaHHBIY repOMLIKMA He OKasblBajl 3Ha-
YUTEJIbHOTO BJMAHME Ha 3Q(eKTUBHOCTL pabOTH
(doToCHHTEeTHYEeCKOT0 anmnapara MpHUpOAHOro coodIie-
cTBa GUTOIUIAaHKTOHA. JlajbHENMUN pOCT BOAOPOC-

(b)

—e—0pgL!

—— 10 pgL!

—+— 50 pg L!

——250 ng L-!

0 T T T T T T T T T 1
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Puc.4. BiusHue rep6uiiuioB atpasuHa (a) u rimdocara (6) Ha 3pdeKTUBHOCTh paboTh (HOTOCHHTETUYECKOTO ammnapara

[IPUPOIHOTrO coobiiecTBa GUTOMIAHKTOHA.
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Puc.5. Biuanue aTpasusa (a) u rimdocara (6) Ha OTHOCUTEIBHYIO CKOPOCTD 3JIEKTPOHHOT'O TPaHCIOPTa GUTOIJIAHKTOHA.

Jleil B Auana3oHe MCCIIeyeMBIX KOHIIEHTPAIUi MpU-
BOAWJI K CHUXeHHI0 mapaMmerpa Fv/Fm o 3HaueHui
0.5 (Puc. 46), 4TO CBUIETEIHCTBYET O €r0 KOCBEHHOM
BJIMSTHUM Ha (HOTOCUHTETHYECKHE MPOIECCH B KJIETKE.
[Ipu 3TOM, Ba’XHO OTMETHTh, YTO OJIOKUPOBaHUE [IeJie-
HUA KJeToK 6e3 masbHelmiell sauMuHaiuu NMP B
auamna3oHe KOHIleHTpamuil 5-250 MKr/ji mMoxeT OBITh
00yCJIOBJIEHO TMOCTEelleHHBIM HaKoIUleHreM MeTabo-
Judeckoro paucbasaHca WA MN3MeEHEHHEeM COCTaBa
coobmectBa (Ilikchyan, 2009; Saxton et al.,, 2011).
Hampumep, B cTOpoHY AuHOQJIAresAT, CIOCOOHBIX
WCIOJIb30BaTh TIynMdocaT HANpPAMYI KaK WCTOYHUK
docdopa (Wang et al., 2016; Solomonova et al., 2024)
WIN Tocjie 0akTepuayibHOU MuHepasmzanuu (Wang
et al., 2016; Solomonova et al., 2024). AHaJIOTMYHBII
xapakTep HabJ0gascsa U OpU BAUAHUM Iindocara Ha
OTHOCHUTEJIbHYI0 CKOPOCTh 3JIEKTPOHHOTO TpPaHCIOpTa
(puTONIIAaHKTOHA.

Takum ob6pasom, nukodpuTonaskToH (I19) npo-
ABasgeT B 1.5-2 pasza OOJIBIIyI0 YyBCTBUTEJBHOCTH K
atpasuny (EC,, 16 mxr/i) no cpaBHenuto ¢ MNP (EC,,
22-32 wmxkr/mn), pearupyer Ha riudocaTt Ovictpee (3
cyTkn), yem MNP (4-7 cyTku) u JeMOHCTpHUpyeT Ooiee
BBIpa’keHHOEe J10303aBHCUMOe UHTHUOnpoBaHue. Mukpo-
HaHodurtomwiaukToH (MNP) o6iazjaeT GoJIbIner ycTom-
YUBOCTHIO, MPOSABJIAET CIOCOOHOCTh K afamnTaiiil npu
HU3KUX KOHLeHTpauuax riaudocara u Tpebyer GoJiee
BBICOKMX KOHIlEHTpauuil i focrikenns EC,  dro
nokazano B Tabsmne 1.

4. 3aknioueHue

PesysbTraTel ucCCIeJOBaHUA IIOKa3ajd, 4YTO
arpasyH OoJiee TOKCHYEH JJiA (UTOIJIAHKTOHA, 4YeM
raudocaT, 4TO OOYCJIOBJIEHO Pas3HBIM MeXaHHU3MOM
BO3JEHCTBUA Ha KJIETKy. ATpa3uH UHruoupyer ¢oro-
CHHTETUYEeCKyI0 aKTMBHOCTb MHUKPOBOAOpPOCJIEH, B TO
BpeMs Kak rimdocar 6J0KHUpyeT KJIeTOYHble MeTalo-
Jindeckue Ipouecchl. ATpasuH AeMOHCTPHpPYeT BbIpa-
KEHHYI0 pa3Mep-3aBUCHMYI0 TOKCHMYHOCTb, OKa3blBad
HauOoJiblllee HEraTUBHOE BJIMsAHNE Ha MUKOPUTOIIaH-
KTOH (EC50=16 MKT/J1). MUKpO-HaHODUTOIJIaHKTOH
IpPOABJIAET OOJIBIIYI0 YCTOMYMBOCTb K AaTpasvHy
(EC50=22-32 MKr/J). [mudocat, B oTiinuMe OT aTpas-
MHa, OKa3blBaeT OTCPOYEHHOE BO3JEMCTBHE Ha MUKPO-
BoJOopocid. J{ji1 MUKPO-HaHOGUTOIUIAHKTOHA 3(PHEKT
BO3JEHCTBUA repOUIia CTAHOBUTCA 3aMETHBIM depes
4 cyTtok. [TnKoUTOIIIAaHKTOH pearmupyeT Ha rimdocar
OBICTPEIE: HA TpPeTU AeHb npu S50 MKI/J 3adUKCHUPO-
BAaHO ABYKpaTHOE CHIKEHUE YHCJIEHHOCTH.

[IpakTuyeckue BBIBOJBI HAllero HcCCJIeJOBAHUA
MIO3BOJIAIOT BBIAEJIUTh NUKO(PUTONUIAHKTOH KaK BaxX-
HBII OMOMHMKATOp AJI1 MOHUTOPUHIA BOAHBIX 3KOCH-
cTeM, a napaMmeTpnl (PJIyOpecleHIMd MOTYT CJIYXHTb
PaHHMMM MapKepaMu cTpecca. PekomeHmanuu IO
HOPMUPOBAHUIO BKJIIOYAIOT yCTaHOBJIEHNE Oe30MacHbIX
KOHI[eHTpauui aTtpasuHa (MeHee 5 MKr/j) u riaudo-
cara (MeHee 10 MKr/ji) AJis 3aliUThl OT HEraTHUBHOI'O
BO3[EHCTBUA Ha 5KOCUCTEMBI. Byiymue uccaeqoBaHusA

Ta6suna 1. CpaBHUTEIBHBIN aHAJIN3 MeXaHN3MOB BO3elCTBUA UCC/IeAyeMBIX repOUII0B JJI1 MUKPO-HAaHO(DUTOIJIAKHTOHA

T'ep6unyyg AtpasuH I'midocat
Bpewms npossienus s¢pdexra 0-24 gyaca 72-96 4acos
Konuentpanusa EC50 22-32 MKr/7 (2-4 cyTKN) 28 mkr/n (7 cyTku)
XapaxkTtep BO3JelCTBUSA [Ipamoe nHrubuposanue GOTOCUHTE3A KocBenHoe metabonnueckoe
HapylleHne
Bo3MmoxHOCTD afanranuu OTcyTCTBYyeT Hab6mogaercs npu <10 MKr/i
Kputnueckas KOHI|eHTpaluuA NOJIHOTO 50 MKr/71 250 MKr/n
UHI'MOUPOBaHUA
Iapamemp KonTpoin AtpasuH (10 MKr/1) I'mudocat (50 MKr/m)
Fv/Fm >0.6 <0.3 (24 v) 0.5 (96 4)
rETR >0.2 <0.05 0.1-0.15
Bpems peaxyuu - MuHyTHI-4achl CyTku
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JAOJDKHBI COCPEAOTOUYMUTHCA HAa M3YyUYEHUUW CHHEpruama
BJIMAHUA SanHBHI/ITeHeﬁ 1 MEXaHM3MOB BSaI/IMOI[eﬁ-
CTBUA MEXOy 6aKTepI/IF[MI/I 1 BOOOPOCJIAMU OJIA OoJiee
I"J'[yﬁOKOFO IMOHMMAaHVA OUHaAMMWKH BOJHBIX 3KOCHCTEM
n paSpaGOTKI/I METOJOB MX 3alllUThI.

bAaaropapHoOCTH

B pamkax mpoekrta (rpaHT Poccuiickoro Hayd-
Horo ¢doHma Ne 24-24-00269) wuccieqoBaHO BIIUA-
Hue riudocaTta Ha (QUTOIJIAHKTOHHOE COOOIeCTBO.
BnusAHue atpasuHa Ha PUTOIIAHKTOHHOE COOOIIEeCTBO
HccJIeJoBajJIoch B paMKaxX rocyJapCTBEHHOro 3aJaHusAd
OUILl NuBIOM «TpaHchopmaisa CTPYKTYpH U GYHK-
LI MOPCKHUX IleJlaru4ecKUX 3KOCHCTeM I0J BO3[eH-
CTBHEM aHTPOINOIeHHON Harpy3kKd M HU3MeHeHMA KJIU-
Mata» (Ne 124030400057-4).
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