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Tolerance of regional microalgae strains
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applications
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ABSTRACT. Green microalgae are attractive biological agents for capturing carbon dioxide from indus-
trial flue gas and for growth on partially treated wastewater, but this dual-source cultivation strategy
exposes cultures to heavy metals and the acidic gases sulfur dioxide (SO,) and nitrogen oxides (NO).
This study assessed the lead (Pb), cadmium (Cd), SO,, and NO, tolerance of nine microalgal strains
(Chlamydomonas sp., Chlorococcum sp., Edaphochlamys debaryana, Chlorella sp., Chlamydomonas moewu-
sii, Chlorella vulgaris, and Spongiosarcinopsis sp.), isolated in 2024 from various water bodies and surfaces
in the Republic of Tatarstan, Russia, and was aimed at selecting the most tolerant strain for further
development as a carbon-sequestering candidate. Sampling sites were characterized by redox potential
(EMF, 27-1518 mV), pH (6.4-8.0) and spectral absorption coefficient (color of water). EC_, values, deter-
mined by dose-response assays, ranged from 31.1 to 238.5 mg/L for Pb and from 8.3 to 176.3 mg/L for
Cd, generally exceeding literature values reported for the same or related taxa. Sensitivity to 50 ppm
SO, and 50 ppm NO_was low across all isolates, whereas 100 ppm NO,_ and 100 ppm NO, produced sig-
nificant growth inhibition in three and five isolates, respectively. A point-scoring procedure integrating
Pb, Cd, and gas tolerance identified Chlorella vulgaris (isolate 14) as the best-performing strain overall
(35 of a maximum 36 points), combining the highest Pb tolerance, a near-maximum Cd tolerance,
and complete tolerance across all tested gas conditions. These findings support Chlorella vulgaris as the
primary candidate among the isolates examined for further evaluation in the flue gas- and wastewa-
ter-based microalgal cultivation systems.
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1. Introduction possibility of year-round growth, and highly efficient

CO,-concentrating mechanisms (Subramanian and
Sayre, 2022). This higher productivity, together with
the capacity of microalgae to assimilate CO, directly
from concentrated industrial flue gas streams, makes
them attractive candidates for the biological capture
of carbon from industrial emissions, supplementing

Mitigating climate change has stimulated the
active development of carbon capture and storage
technologies, ranging from geological CO, storage to
biological sequestration approaches. Among the lat-
ter, green microalgae (Chlorophyta) are regarded as

particularly promising carbon sequestrators because
they accumulate biomass considerably faster than ter-
restrial plants. Under optimal conditions, microalgae
convert solar energy into biomass several times more
efficiently than terrestrial crops and forests, owing to
the absence of non-photosynthetic structural tissue, the

the currently used physicochemical carbon capture
technologies.

The scale of the problem that such technolo-
gies should address is substantial. Global energy- and
industry-related CO, emissions reached a new record
of 37.8 gigatons in 2024, with the combustion of fossil
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fuels at thermal power plants and other industrial facil-
ities accounting for most of this volume (IEA, 2025).
Diverting even a modest share of these emissions into
microalgal biomass production therefore represents a
meaningful contribution to climate change mitigation,
provided that the cultivation process itself remains
both technically feasible and economically viable.

A widely adopted strategy for improving the
economic feasibility of microalgae-based carbon cap-
ture is to combine flue gas utilization with the use of
partially treated (undertreated) municipal or industrial
wastewater as a cultivation medium, since wastewater
simultaneously supplies the nitrogen, phosphorus, and
trace elements required for microalgal growth while
reducing the cost of conventional tertiary wastewater
treatment (Wang et al., 2022; Lee et al., 2022).

This dual-source cultivation strategy, however,
inevitably exposes microalgal cultures to a range of
toxicants present in both flue gas and undertreated
wastewater, most notably heavy metals and acidic
gases such as sulfur dioxide (SO,) and nitrogen oxides
(NO,). Heavy metals such as chromium, lead, cadmium,
arsenic, nickel, and zinc enter flue gas during the com-
bustion of coal and other solid or liquid fuels, with doc-
umented sources, including coal-fired thermal power
plants, metal sintering, and smelting operations, as
well as municipal solid waste incineration (Chen et al.,
2021; Wang and Zhang, 2021; Zhao et al., 2024), while
their accumulation in microalgal cultivation media sup-
plied with flue gas was quantified directly in dedicated
process studies (Napan et al., 2015). Elevated concen-
tration of the same metals, together with copper and
mercury, are commonly found in industrial wastewater
originating from electroplating, mining, tanning, and
battery manufacturing and metal-finishing industries
(Oladimeji et al., 2024). Sulfur and nitrogen oxides, in
turn, are generated mainly through fossil fuel combus-
tion at thermal power plants and in vehicle exhaust.
Their presence in flue gas is a recognized constraint on
the CO, bio-fixation by microalgae and was reported to
inhibit or, depending on concentration and exposure
time, stimulate algal growth (Singh et al., 2019; Tastan
et al., 2012).

For the practical development of microal-
gae-based carbon capture technologies, it is therefore
expedient to rely not only on widely used laboratory
reference strains but also on regional strains naturally
adapted to local conditions of irradiance, temperature
and seasonality, since such adaptation can improve
outdoor cultivation performance even though large-
scale cultivation is ultimately conducted under at least
partially controlled conditions (Cheregi et al., 2019;
Subramanian and Sayre, 2022). Accordingly, the bio-
prospecting and isolation of new, locally adapted
microalgal strains with strong carbon-sequestering
potential remain an important research direction (Lee
et al., 2022).

In line with this approach, the Institute of
Biotechnology, Ecology and Nature Management of
Kazan Federal University has conducted long-term iso-
lation and characterization of microalgal strains inhab-
iting the temperate climate zone of central Russia,
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resulting in a substantial museum collection of efficient
carbon-sequestering isolates. The next stage of this
work requires selecting among the sequestrator strains
obtained those that combine high biomass productivity
with tolerance to the toxicants that typically present in
flue gas- and wastewater-based cultivation media, since
the tolerance of microalgae to heavy metals and acidic
gases vary considerably between, and even within,
genera, and is therefore amenable to targeted labora-
tory screening and strain selection (Zhang et al., 2021,
Abinandan et al., 2021; Bashir et al., 2021; Li et al.,
2021).

The aim of the present study was to select the
most tolerant strains to heavy metal (Pb and Cd) and
SO,/NO,_ exposure among nine microalgal strains,
which were isolated from various water bodies and sur-
faces in the Republic of Tatarstan in 2024.

2. Materials and methods
2.1. Isolation and origin of microalgal
strains

The nine microalgal strains (isolates No. 1, 4, 6,
9,10, 13, 14, 15, and 16) were obtained in 2024 from
various freshwater bodies and solid surfaces within the
Republic of Tatarstan, Russia (Table 1). Surface water
was sampled in accordance with GOST 17.1.5.05-85;
strains were isolated into monoculture on solid (2%
agar) Tamiya medium by repeated plating and sin-
gle-colony isolation, and decontaminated using the
antibiotic/antifungal/fungicide protocol of Mustapa et
al. (2016).

2.2. Cultivation conditions

Strains were screened on a wastewater-relevant
nutrient medium prepared from the complex granular
fertilizer «Fertika Universal» (5 g/L in distilled water;
composition: N 12%, PO, 8%, K,0 14%, MgO 2%, S 8%,
B 0.1%, Cu 0.1%, Fe 0.1%, Mn 0.2%, Mo 0.01%, and Zn
0.1%), reflecting the cultivation-parameter rationale of
Singh et al. (2019), under illumination from Solar LED
Light S04 fixtures (5000 lux, 16:8 h photoperiod) in a
temperature-controlled climate chamber (25 °C).

2.3. Heavy metal (Pb and Cd) and SO,/NO_
tolerance assay

Pb and Cd tolerance was determined as EC, val-
ues using the stock-solution/dilution-series, OD-based
growth-inhibition approach in Li et al. (2021). Strains
were exposed for 10 days (conditions as in Section 2.2)
to a concentration series of PbCl2 or CdCI2 (0.5, 5,
10, 20, 50, 75, 100, 125, 150, 175, and 200 mg/L in
«Fertika» medium, plus a metal-free control; additional
intermediate/extended dilutions were prepared where
this series did not capture ~50% inhibition). Growth
inhibition was calculated from OD620 (721NVIS spec-
trophotometer) relative to the control, and EC,, was
obtained by non-linear regression as described by Li et
al. (2021).
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Table 1. Origin of the nine microalgal isolates analyzed in this study

(Goroschankin) Proschold et
Darienko, 2018

9 Chlamydomonas Ehrenberg,
1833 sp.

10 Chlorella Beijerinck, 1890 sp.

13 Chlamydomonas moewusii
Gerloff, 1940

14 Chlorella vulgaris Beijerinck,

1890

15 Spongiosarcinopsis Temraleeva
et al., 2018 sp.

16 Chlamydomonas Ehrenberg,

1833 sp.

Isolate No.| Taxonomic assignment Sampling site Coordinates (lat., long.)
1 Chlamydomonas Ehrenberg, Lake Shankhai, Kazan, Republic of Tatarstan 55.687040, 49.075503
1833 sp.
4 Chlorococcum Meneghini, Lake in Pobedy Park, Kazan, Republic of Tatarstan 55.830979, 49.109349
1842 sp.
6 Edaphochlamys debaryana Circulation channel (part of the cooling-water dis- 55.753878, 49.130386

charge system of a thermal power plant)
Lake Marino, Kazan, Republic of Tatarstan
Kazanka River, Gavrilov St., Kazan, Republic of
Volga River, river port area, Kazan, Republic of
Lake Uritskogo, Kazan, Republic of Tatarstan
Lake Nizhny Kaban, Kazan, Republic of Tatarstan

Scraping from the inner wall of an iron barrel contain-
ing standing artesian water

55.832808, 49.103063

55.833304, 49.166199
Tatarstan

55.776893, 49.095229
Tatarstan
55.837827, 49.066470
55.777503, 49.123895

not recorded

Tolerance to SO, and NO, was assessed by con-
tinuous gas sparging of pre-cultivated strains (Section
2.2), following the methods of Lee et al. (2002) for SO,
(0-150 ppm, as used for Chlorella sp.) and Radmann et
al. (2011) for NO_ (30-100 ppm), with CO, as the car-
bon source and an air-only treatment as control. After
10 days, growth inhibition (OD620; 721NVIS spectro-
photometer) and EC, were determined as in Section
2.3.

2.4. Determination of redox potential
(EMF), pH, and color of water

Redox potential (EMF) and pH of the culture
medium were measured potentiometrically with an
ANION-410 multi-parameter ion analyzer (Infraspak-
Analit, Russia), following ISO 10523:2008 (pH) and
ASTM D1498 (redox potential/ORP), with routine cal-
ibration against standard buffers and Zobell’s solution,
respectively.

Color of water was determined by the spectral
absorption coefficient (SAC) method of DIN EN ISO
7887:2011, from absorbance measured at 436, 525
and 620 nm (1 cm cuvettes; distilled-water blank) as
SAC(A) [m—1] = 2.303 x A(\) /d (d = 0.01 m).

2.5. Molecular identification of strains

Strains were identified by Sanger sequencing
of amplified marker regions (BigDye Terminator v3.1
Cycle Sequencing Kit; capillary electrophoresis on a
Nanofor-05 system), following standard microalgal
barcoding procedures (cf. Khaw et al., 2020), with
taxonomic assignment via NCBI BLAST and MEGA X.
Genomic DNA was extracted with the FastDNA Spin Kit
for Soil (MP Biomedicals) and quantified on a Qubit 3.0
fluorometer.
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2.6. Statistical analysis

All experiments were performed in at least three
independent replicates. Mean values, standard devia-
tions, and standard errors were calculated from the rep-
licate measurements. Differences between treatments
and controls were assessed using the Mann-Whitney U
test (Happ et al., 2019).

3. Results

3.1. Characteristics of sampling sites:
redox potential (EMF), pH, and color of
water

The nine sampling sites, from which the microal-
gal isolates were obtained (Table 1), ranged in freshwa-
ter habitats within the Republic of Tatarstan, including
two rivers (Volga and Kazanka), five lakes (Shankhai,
Marino, Uritskogo, Nizhny Kaban, and the lake in
Pobedy Park), an industrial circulation channel forming
part of a thermal power plant cooling-water discharge
system, and standing artesian water accumulated in an
iron barrel. Fig. 1(a-c) shows the redox potential (EMF),
pH, and color of the water at each site.

Redox potential varied widely among the sam-
pling sites, from 27.1 mV in the enclosed barrel sample
to 1518 mV in Lake Nizhny Kaban (Fig. 1a), reflect-
ing the contrast between the stagnant, oxygen-limited
conditions of the closed container and the well-aerated,
oxidizing conditions of the open lake. Most natural
water bodies (lakes and rivers) showed EMF values
above 700 mV, except for the Volga River site (317.5
mV). pH values across all sites ranged from 6.417 (bar-
rel) to 7.9765 (Pobedy Park lake), i.e., from near-neu-
tral to slightly alkaline (Fig. 1b), consistent with typical
values for temperate freshwater bodies in the region.
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(a) Redox potential (EMF) of sampling sites
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Fig.1. Characteristics of the sampling sites for the nine microalgal isolates: (a) redox potential (EMF, mV); (b) pH; (c) color
of water, expressed as the spectral absorption coefficient (SAC, m-1) at 436, 525 and 620 nm (DIN EN ISO 7887:2011).

Color of water, expressed as the spectral absorp-
tion coefficient (SAC, m—1) at 436, 525, and 620 nm
(Fig. 1c), was low (SAC < 16 m—1 at all three wave-
lengths) at six of the nine sites (isolates 4, 6, 9, 10, 14,
and 15), indicating a low content of colored dissolved
organic matter. Two sites showed markedly elevated
SAC values: the Volga River sample (SAC436 = 136.3
m—1, with lower values at 525 and 620 nm: 5.1 and
3.9 m—1, respectively) and the barrel sample (SAC436
= 90.1, SAC525 = 96.0, SAC620 = 73.9 m—1), the
latter showing elevated absorption across the entire
measured spectral range. The Shankhai lake sample
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(isolate 1) showed a moderate, comparatively uni-
form SAC (3.5-16.1 m—1). These results are consistent
with a higher content of suspended and/or dissolved
(including colored) matter in a large lotic system (the
Volga River) and in stagnant, long-standing water in
a closed metal container, respectively; the near-equal
SAC across all three wavelengths for the barrel sample,
in contrast to the strongly wavelength-dependent SAC
of the Volga sample, further suggests a qualitatively
different (less selectively yellow-brown) colored matter
composition in the former.
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3.2. Tolerance of microalgal isolates to Cd
and Pb

Fig. 2 shows EC,, values for Cd and Pb, deter-
mined for each of the nine isolates, following the
approach of Li et al. (2021) (Section 2.3). Tolerance
to both metals varied considerably among isolates.
For Pb, EC,, values ranged from 31.1 mg/L (isolate 1,
Chlamydomonas sp.) to 238.5 mg/L (isolate 14, Chlorella
vulgaris), an approximately 7.7-fold range. For Cd, EC_,
values ranged from 8.3 mg/L (isolate 6, Edaphochlamys
debaryana) to 176.3 mg/L (isolate 4, Chlorococcum sp.),
an approximately 21-fold range.

Isolate 14 (Chlorella vulgaris) combined the
highest Pb EC,, with a comparatively high Cd EC,,
(129.7 mg/L), making it the most Pb/Cd-tolerant iso-
late overall. Isolate 4 (Chlorococcum sp.) showed the
highest Cd EC,, (176.3 mg/L) together with a com-
paratively high Pb EC, (113.7 mg/L). In contrast,
isolate 6 (Edaphochlamys debaryana) and isolate 13
(Chlamydomonas moewusii) showed among the lowest
EC50 values for both metals (Cd: 8.3 and 17.5 mg/L,;
Pb: 56.2 and 34.1 mg/L, respectively), indicating com-
paratively high sensitivity. For all isolates, Pb EC,,
exceeded the corresponding Cd EC,, consistent with
the generally lower toxicity of Pb relative to Cd com-
monly reported for green microalgae.

3.3. Sensitivity to sulfur dioxide and
nitrogen oxides

Sensitivity of the nine isolates to SO, and NO_was
assessed at fixed test concentrations selected within the
ranges used by Lee et al. (2002) for Chlorella sp. KR-1
(SO,, 0-150 ppm) and by Radmann et al. (2011) for
SO /NO,-resistant microalgae (NO_, 30-100 ppm): 50
and 100 ppm NO,, 50 ppm SO,, and 100 ppm NO,. As
in these reference studies, our isolates were classified,
based on growth relative to the gas-free control (Mann-
Whitney U test), as non-toxic (nt, no statistically signif-
icant growth inhibition) or toxic (t, statistically signif-
icant inhibition) at each test concentration (Table 2).

At the lower test concentrations-50 ppm NO_
and 50 ppm SO,-all nine isolates were classified as
non-toxic, indicating a broad general tolerance to both
pollutants at these levels, comparable to the toler-
ance reported for Chlorella sp. KR-1 at low-to-moder-
ate SO, concentrations (Lee et al., 2002) and for SO /
NO,-resistant strains at concentrations < 60 ppm SO_
(Radmann et al., 2011).

Higher test concentrations exhibited isolate-spe-
cific sensitivity. At 100 ppm NO,, three isolates—6
(Edaphochlamys debaryana), 13 (Chlamydomonas moewu-
sii), and 15 (Spongiosarcinopsis sp.)-showed statistically
significant growth inhibition (t), while the remaining
six isolates remained non-toxic, placing the sensitivity
threshold of these three isolates within the 30-100 ppm
NO, range described by Radmann et al. (2011). At 100
ppm NO,, five isolates (1, 4, 9, 13, and 15) were classi-
fied as toxic, whereas four isolates (6, 10, 14, and 16)
remained non-toxic. Isolates 10 (Chlorella sp.) and 14
(Chlorella vulgaris) were non-toxic at every test concen-
tration, consistent with the comparatively high SO /
NO, tolerance previously reported for Chlorella species
(Lee et al., 2002; Radmann et al., 2011); isolates 13 and
15 were the most broadly sensitive, showing toxicity at
both elevated NO_and NO, concentrations.

4. Discussion

The Pb EC,, values obtained in this study (31.1-
238.5 mg/L; Fig. 2) were, for most isolates, higher than
the values reported in the literature for the same or
closely related taxa. For Chlorella vulgaris (isolate 14),
the Pb EC,, of 238.5 mg/L exceeded the 48.4-73.2
mg/L range reported for this species (Expdsito et al.,
2021) by a factor of 3.3-4.9, and the Cd EC_, of 129.7
mg/L exceeded the 0.9-7.5 mg/L range reported for
C. vulgaris (Hussain et al., 2021; Expdésito et al., 2021)
by more than an order of magnitude. A similar pattern
was observed for isolate 10 (Chlorella sp.: Pb EC,, =
137.3 mg/L; Cd EC,, = 101.7 mg/L). This degree of
divergence from published EC,; values for the genus
Chlorella suggests either an unusually high intrinsic tol-

Tolerance (ECsy) of microalgal isolates to Cd and Pb
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Fig.2. EC_, values (mg/L) for Pb and Cd for the nine microalgal isolates. Error bars represent the standard error of the mean

(SE, =5-7% of the EC,, value).
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Table 2. Sensitivity of the nine microalgal isolates to SO, and NO, (nt-non-toxic, no significant growth inhibition relative to
the gas-free control; t-toxic, statistically significant growth inhibition, Mann-Whitney U test).

Isolate No.| Taxonomic assignment 50 ppm NO_ | 100 ppm NO_ | 50 ppm SO, 100 ppm NO,
1 Chlamydomonas sp. nt nt nt t
4 Chlorococcum sp. nt nt nt t
6 Edaphochlamys debaryana nt t nt nt
9 Chlamydomonas sp. nt nt nt t
10 Chlorella sp. nt nt nt nt
13 Chlamydomonas moewusii nt t nt t
14 Chlorella vulgaris nt nt nt nt
15 Spongiosarcinopsis sp. nt t nt t
16 Chlamydomonas sp. nt nt nt nt

erance of these two isolates, or the influence of exper-
imental factors (medium composition, pH, or exposure
duration) not fully comparable between studies, and
should be treated with caution pending independent
confirmation.

For the Chlamydomonas group (isolates 1, 9, 16,
and C. moewusii, isolate 13), agreement with literature
EC,, values for the reference species, C. reinhardtii, (Pb:
19.99-29.48 mg/L; Cd: 12.48 mg/L; Li et al., 2021)
was considerably closer. Cd EC,, values for isolates 1
and 9 (11.41 and 12 mg/L, respectively) were nearly
identical to the literature value for C. reinhardtii, while
Pb EC,, values for the same isolates (31.1 and 76.1
mg/L) bracketed or moderately exceeded it. Isolate 13
(C. moewusii) showed Pb and Cd EC,, values (34.1 and
17.5 mg/L) reasonably close to the C. reinhardtii bench-
mark. Isolate 6 (Edaphochlamys debaryana), for which
no species-specific literature exists, showed a Cd EC,
(8.3 mg/L) close to, and a Pb EC,, (56.2 mg/L) roughly
twice, the C. reinhardtii benchmark used as the nearest
phylogenetic proxy.

No quantitative EC_, data are available in the lit-
erature for Chlorococcum (isolate 4) or Spongiosarcinopsis
(isolate 15). The only relevant published information
for Chlorococcum is the qualitative observation that
Chlorococcum dorsiventrale tolerates Cd, Cr(VI), and Pb
exposure without loss of viability over 14 days (Hmani
et al., 2024), which is at least directionally consistent
with the comparatively high Pb and Cd EC,, values
found here for isolate 4 (113.7 and 176.3 mg/L, respec-
tively-the highest Cd EC,  among all nine isolates).

Individual examination of EC_; values revealed
that isolate 14 (Chlorella vulgaris, 238.5 mg/L) was
the most Pb-tolerant, and isolate 4 (Chlorococcum sp.,
176.3 mg/L) was the most Cd-tolerant.

The finding that all nine isolates were non-toxic
(nt) at 50 ppm NO_and 50 ppm SO, is consistent with
the tolerance of SO /NO, -resistant Chlorella vulgaris
to SO, < 60 ppm and NO,_ < 100 ppm reported by
Radmann et al. (2011), and with the moderate (= 25%)
growth inhibition reported for Chlorella sp. KR-1 at a
comparable SO, concentration (60 ppm) by Lee et al.
(2002). In other words, growth was reduced but not
abolished at these concentrations, even in the more sen-
sitive strains of the present study, so that none reached
the significance threshold used to classify a strain as
toxic (t).
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At the higher NO, (100 ppm) and NO, (100 ppm)
concentrations, the emergence of toxicity in a subset of
isolates (6, 13, and 15 at 100 ppm NO; 1, 4, 9, 13, and
15 at 100 ppm NO,) falls within the range, over which
Radmann et al. (2011) observed a transition from tol-
erance to inhibition (30-100 ppm NO ), and parallels
the concentration-dependent decline in growth rate of
Chlorella sp. KR-1 with increasing SO, reported by Lee et
al. (2002). Isolates 10 (Chlorella sp.), 14 (Chlorella vul-
garis), and 16 (Chlamydomonas sp.) remained non-toxic
across all four test conditions. For the two Chlorella iso-
lates this is consistent with the comparatively high SO /
NO, tolerance reported for this genus in both reference
studies, whereas the equally complete tolerance of iso-
late 16 (Chlamydomonas sp.) is not directly supported
by, but also does not contradict, the literature, since
neither Lee et al. (2002) nor Radmann et al. (2011)
examined Chlamydomonas species. Taken together, iso-
lates 10, 14, and 16 were the most SO _/NO -tolerant
strains, i.e. co-equal in gas tolerance.

To identify the isolate that combines the high-
est overall tolerance to heavy metals and acidic gases,
a point-scoring procedure was applied. For each metal
(Pb and Cd), the nine isolates were ranked by EC,
value and assigned an integer score from 1 (lowest
EC,,, i.e. the most sensitive/least tolerant isolate) to 9
(highest EC_, the most tolerant isolate), with no ties.
For each of the four gas exposure conditions (50 ppm
NO,, 100 ppm NO_, 50 ppm SO,, and 100 ppm NO,), an
isolate scored 4.5 points if classified as non-toxic (nt)
and 1 point if classified as toxic (t) (Table 2). The total
score for each isolate was calculated as the sum of its
Pb score, Cd score, and the four gas scores (maximum
attainable total = 94+9+4 %X 4.5=236). The results are
summarized in Table 3.

Isolate 14 (Chlorella vulgaris) obtained the high-
est total score (35.0 out of a theoretical maximum
of 36), combining the highest Pb tolerance rank (9),
a near-maximum Cd tolerance rank (8) and complete
tolerance (nt) across all four gas exposure conditions.
Isolate 10 (Chlorella sp.) ranked second (33.0), also
with complete gas tolerance but slightly lower Pb and
Cd ranks. Isolate 4 (Chlorococcum sp.) combined the
single highest Cd tolerance rank (9) with a high Pb
rank (7), but its total score (30.5) was reduced by tox-
icity at 100 ppm NO,. On this basis, isolate 14 (Chlorella
vulgaris) was identified as the best-performing strain
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Table 3. Point-scoring assessment of the tolerance of the nine microalgal isolates to Pb, Cd, SO,, and NO,_ (Pb and Cd: 1 =
most sensitive, 9 = most tolerant; gas conditions: 4.5 = non-toxic (nt), 1 = toxic (t)), ranked by total score.

Isolate | Taxonomic assignment | Pb score | Cdscore | 50 ppm | 100 ppm | 50 ppm | 100 ppm |Total score

No. NO, NO, SO, NO,

14 Chlorella vulgaris 9 8 4.5 4.5 4.5 4.5 35.0
10 Chlorella sp. 8 7 4.5 4.5 4.5 4.5 33.0
4 Chlorococcum sp. 7 9 4.5 4.5 4.5 1 30.5
16 Chlamydomonas sp. 4 6 4.5 4.5 4.5 4.5 28.0
9 Chlamydomonas sp. 5 3 4.5 4.5 4.5 1 22.5
15 Spongiosarcinopsis sp. 6 4 4.5 1 4.5 1 21.0
6 Edaphochlamys debaryana 3 1 4.5 1 4.5 4.5 18.5
13 | Chlamydomonas moewusii 2 5 4.5 1 4.5 1 18.0
1 Chlamydomonas sp. 1 2 4.5 4.5 4.5 1 17.5

overall with respect to combined tolerance to Pb, Cd,
SO,, and NO,, and is recommended as the primary can-
didate for further evaluation as a carbon-sequestering
strain intended for cultivation on flue gas- and waste-
water-derived nutrients under the conditions examined
in this study.

5. Conclusions

Nine regional microalgal isolates from the
Republic of Tatarstan showed wide variation in toler-
ance to Pb, Cd, SO,, and NO,, with EC, values for Pb
and Cd spanning almost an order of magnitude and,
for most isolates, exceeding literature values reported
for the same or related taxa, although this divergence
should be verified by independent bioassays. All iso-
lates tolerated the lowest test concentrations of SO,
and NO_, whereas isolate-specific sensitivity emerged
at higher concentrations, particularly among isolates
of Chlamydomonas moewusii, Edaphochlamys debaryana,
and Spongiosarcinopsis sp.

A combined point-scoring assessment identified
Chlorella vulgaris (isolate 14) as the strain with the
highest overall tolerance to the toxicants examined,
closely followed by Chlorella sp. (isolate 10). Both out-
performed the remaining isolates, including two other
Chlamydomonas-affiliated strains that showed complete
gas tolerance but lower metal tolerance. These results
support Chlorella vulgaris as the primary candidate for
further development as a carbon-sequestering strain
intended for cultivation on industrial flue gas and par-
tially treated wastewater under the conditions of the
Republic of Tatarstan. Future work should verify the
comparatively high metal EC_ values against indepen-
dent bioassays, extend gas tolerance testing to a wider
concentration range and longer exposure duration, and
evaluate the biomass productivity and CO, fixation
capacity of the selected strain under pilot-scale, flue
gas- and wastewater-fed cultivation conditions.
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TOAepPaAHTHOCTDb PeruoOHaAbHbIX LWUTAMMOB
MuKpoBoaopocnheM Pecnybnuku TaTtapctan
K TAXKEAbIM MEeTaAAaM M KMCAbIM ra3am:
3HauYeHHue AN TEXHONOTMW YAABAMBaHUA
yraepoAaa

.

l'anuesa I'.I11.*, Xne6oBa M.JI., Kopuunosa JI.H.,
INamunxkas I1.10., CenuBaHoBckas C.IO.

Kasanckuii ¢pedepatoHslii yHugepcumem, e. Kaszaus, Pecnybtuka Tamapcman, 420008, Poccua

AHHOTAIIHUS. 3enéHble MUKPOBOAOPOCJIN SIBJIAIOTCA MEPCHEKTUBHBIMU OMOJIOTMYECKUMM areHTaMu
JU1A yJaBJVBaHUA AUOKCUAA yrjiepoja M3 IPOMBIIIEHHBIX ABIMOBBIX I'a30B U JiA BBIpallUBaHuA Ha
YaCTUYHO OYMILEHHBIX CTOYHBIX BOJAX, OJHAKO TakKas cTpaTerusa KyJIbTHBUPOBAHUSA C ABYM:A HCTOY-
HUKaM{ Hen30eXHO MojBepraeT KyJIbTyphl BO3AEMCTBUIO TSXKEJIBIX METAJIJIOB 1 KUCJIBIX I'a30B - AUOK-
cuaa cepsl (SO,) u okenos asora (NO ). B HacTosmeir paboTe OlleHeHa TOJIEPAHTHOCTD JEBATH LITaAM-
MOB MUKpoBogopocJiel (Chlamydomonas sp., Chlorococcum sp., Edaphochlamys debaryana, Chlorella sp.,
Chlamydomonas moewusii, Chlorella vulgaris n Spongiosarcinopsis sp.), BeiieJIeHHBIX B 2024 T. U3 pa3jiny-
HBIX BOJIOEMOB U NOBepxHocTel Pecny6imku TaTtaperaH, k cBuniy (Pb), kagmmio (Cd), SO, u NO,, ¢
I[eJibI0 0TOOpa HauboJiee TOJIEPAaHTHOIO MITaMMa JJIs JajibHeliiell pa3paboTKu B KauecTBe KaHAUAa-
Ta-cekBecTparopa yriepoaa. Mecta oT6opa npob XapaKTepu30BaJKCh 10 OKHCINUTEIbHO-BOCCTaHOBU-
TesbHOMY noTeHnuany (3/1C, 27-1518 mB), pH (6,4-8,0) u cnekTpasibHOMY KO3)OUIMEHTY MOTJIoIe-
HUA (IIBETHOCTH BOBI). 3HAUEHHS EC,,, onpefesiéHHbie 0 KPUBBIM «103a-3(deKxT», coctaBuiu ot 31,1
o 238,5 mr/n ansa Pb u ot 8,3 go 176,3 mr/a giia Cd, B GOJIBIIMHCTBE CJIyYaeB MpeBHIIIas JIUTEPATYP-
HBIe 3HAYEHUA [IJIA TEX XK€ UJIN POACTBEHHBIX TAKCOHOB. YyBCcTBUTEJIBHOCTD K 50 ppm SO, 1 50 ppm NO_
ObLTa HM3KOM y BCeX M30J1ATOB, Torga kak 100 ppm NO,_ u 100 ppm NO, BhI3bIBaIX 3HAYMMOE UHTU-
OupoBaHUe pocTa y TPEX U MATH U30JIATOB COOTBETCTBEHHO. BajlibHaA olleHKa, 00beJUHANIAs ToJIe-
paaTHOCTHh K Pb, Cd u rasam, onpenesvia Chlorella vulgaris (30T 14) Kak mTaMM C HaWJIyYIIAMEA
MoKasaTessiMu B 1ejioM (35 13 MakcuMaibHBIX 36 0asIOB), COYETAIOMNI HAUBBICIITYI0 TOJIEPAHTHOCTD
K Pb, 6/113KyI0 K MakCcUMaJIbHOH TosiepaHTHOCTh K Cd U MOJIHYI0 TOJIEPAaHTHOCTH IO BCeM NMPOTECTUPO-
BAHHBIM T'a30BbIM YCJIOBUAM. [ToJlydeHHBbIE Pe3yJIbTATHI MO3BOJIAIOT peKkoMeHAoBaTh Chlorella vulgaris B
KayecTBe OCHOBHOI'O KaHAWJaTa Cpey MCCIIeJOBAHHBIX M30JIATOB AJIA JajibHelIIeli OlleHKU B CcTeMax
KyJIbTUBHPOBAaHMA MUKPOBOAOPOCIEH Ha OCHOBE ABIMOBBIX I'a30B U CTOYHBIX BOJ.

Kriouegbie c/106a: MUKpOBOJOPOC/IU, TOJIEPAHTHOCTD K TAXKEBIM MeTasuiaM, EC_, AbIMOBBIE Ta3bl, TOKCUYHOCTh
SO,/NO_, cexBecTpalus yrjiepoja

Ja putuposanus: 'anuesa I'.111., Xne6osa [.J1., Kopuunosa [I.H., Tanunkan I1.10., CenuBanosckas C.1O. ToyiepaHTHOCTB peruo-
HaJIbHBIX IITaMMOB MUKPOBoAopocJieli Pecry6siiky TaTapcTaH K TsKEIBIM MeTasljlaM U KUCJIBIM ra3aM: 3HaueHue 1A TEXHOJIOT Ui
yiaBnuBaHus yriiepoaa // Limnology and Freshwater Biology. 2026. - Ne 4. - C. 420-436. DOI: 10.31951/2658-3518-2026-A-4-420

1. BBeAeH"e CIIEKTUBHBIE€ CEKBECTPATOPHI yrjiepoJa, IOCKOJIbKY OHU

HaKaIUIMBAT 6OMaccy 3HAYUTEJIbHO ObICTpee Ha3eM-
HBIX PAaCTEHUIL: B ONITUMAJIbHBIX YCJIOBUAX MUKPOBOJO-
pociiu mpeoOpa3yloT COJTHEYHYIO SHEPTHI0 B GHOMAacCy
B HECKOJIbKO pa3 3¢ deKThBHee HA3eMHBIX KYJIbTYP U
JlecoB - Ojlarofaps OTCYTCTBHI0 He(hOTOCHUHTE3UpY-
IOLIEl CTPYKTYPHON TKaHU, BO3MOXHOCTH KPYIJIOTO-
JUYHOTO POCTa U BBHICOKOI(D(PEKTUBHBIM MeXaHU3MaM

CMmArdyeHue NocjeACTBUIN HM3MeHeHUs KJuMara
CTHUMYJIUPOBAJIO aKTUBHOE pa3BUTHeE TeXHOJIOIMH yJIaB-
JIMBaHUA U XpaHeHHUs yIjepoja - OT Ie0JIOrM4ecKoro
xpaHenus CO, 10 MeTOJ0B GMOJIOTNYECKO CEKBECTPA-
uun. Cpeou MOC/IeAHUX 3€JIEHble MHKPOBOAOPOC/IU
(Chlorophyta) paccmaTpuBalTCA KaK OCOOEHHO TIep-
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koHuentpupoBanusa CO, (Subramanian and Sayre,
2022). Orta 6oJiee BeICOKasi MPOAYKTUBHOCTh B cOYeTa-
HUU CO CIOCOOHOCTHIO MHMKPOBOJOPOCJIEN ycBauBaTh
CO, HemocpeACTBEHHO U3 KOHILEHTPUPOBAHHBIX MOTO-
KOB TPOMBIIIJIEHHBIX JBIMOBBIX r'a30B JAejlaeT UX Ipu-
BJIEKATeJbHBIMU KaHOuAaTaMu JiA OHOJIOTUYECKOTO
yJIaBJIMBaHUSA yIrjlepojia U3 MPOMBIIIIEHHBIX BHIOPOCOB,
JOMOJIHAA INPeuMyIIecTBEHHO (QHU3UKO-XUMUYecKue
TEXHOJIOTUM YJIaBJIUBAHUA yTjiepoAa, UCIOJIb3yeMbIe B
HacTosillee BpeMs.

Macmtab mnpobieMbl, Ha pellleHHe KOTOPOH
HallpaBJIeHbl TaKle TeXHOJIOT MU, 3HauuTesieH. MupoBbie
BbIOpochl CO,, CBA3aHHbBIE C DHEPTETUKOW U MPOMBIII-
JIEHHOCTbBI0, JOCTUTJIM HOBOI'O PEKOPAHOTO 3HAUeHUs
- 37,8 ruraTtoHHH B 2024 r., IpyU 3TOM OCHOBHAasA [OJIA
3TOro o6béMa MPUXOAUTCS Ha CKUTaHNE MCKOIaeMOoro
TOILIMBA Ha TEIJIOBBIX 3JIEKTPOCTAHLUAX U JPYTUX NPO-
MbliIeHHBIX o0bekTax (IEA, 2025). [lepeHanpasiieHue
Jaxe HeOOJIBIION AOJIM 3TUX BBIOPOCOB Ha NMPOU3BO-
CTBO OHOMacchl MHUKPOBOZOPOCJEN, TaKuM 00pasoM,
npejcTaBjseT cOOOM 3HAYMMBIN BKJIAJ] B CMArYeHUe
MOCJIe[ICTBUIN M3MeHeHUs KJIMMaTa MpU YCJIOBUU, YTO
caMm Impoljecc KyJIbTUBUPOBAHUA OCTAETCS TeXHUUYECKU
OCYI[eCTBMMBIM 1 SKOHOMUYECKU I1eJIecCO00pa3HbIM.

[Iupoko mnpuMeHsAeMON CcTpaTervueil IOBHIIIe-
HUsA DSKOHOMHUYECKOH IiejlecooOpa3HOCTU yJjIaBJIMBa-
HUA yTjepoAa Ha OCHOBE MUKPOBOZOPOCTEN ABJIAeTCs
coueTaHHe KCIOJIb30BaHUA JIBIMOBBIX I'a30B C IpHMe-
HEeHMeM YaCTUYHO OYMINEeHHbIX (HeJOOUMIIIeHHbIX)
KOMMYHAaJIbHBIX WJIU NPOMBIIIJIEHHBIX CTOYHBIX BOJ B
KauecTBe cpelbl KyJbTUBHUPOBAHUSA, IMOCKOJIBKY CTOY-
Hble BOJ[bl OMHOBPEMEHHO obecIeynBaloT a3oT, Gocdop
U MHUKPO3JIEMEHTHI, HeoOXoquMble JJIsi pocTa MUKPO-
BOJIOpOCJIel, CHUXXas MpPU 3TOM 3aTpaThl HAa Tpaaullu-
OHHYI0 TPETHYHYIO OYMCTKY CTOYHBIX BoJ (Wang et al.,
2022; Lee et al., 2022).

OpHako Takas cTpaTerus KyJbTUBHPOBAHUA C
ABYMs HCTOYHUKAMM Heu3beXHO mojaBepraer KyJib-
Typbl MHUKPOBOZOPOCJENl BO3AEeNCTBUIO psila TOKCHU-
KaHTOB, MPUCYTCTBYIOMNX KaK B JBIMOBBIX ra3ax, Tak
U B HEJIOOUMIIIEHHBIX CTOYHBIX BOAAX, B IEPBYIO oue-
pelb TsKEJIBIX MEeTasIJIOB U KUCJIBIX Ia30B - AUOKCHIA
cephl (SOZ) Y OKCHJIOB a30Ta (NOX). TsoKésble MeTaJlIbl,
Takue KakK XpOM, CBUHeI], KaJMHI, MBIIIbSIK, HUKEJb
U LUHK, MOMAJaloT B ABIMOBBIE T'a3bl MPU CKUTAHUU
yIJIA U IPYTUX BUAOB TBEPAOTO WJIU XUIKOTO TOILJIUBA;
JOKyMeHTHPOBaHHbBIE MCTOYHMKU BKJIIOYAIOT YTOJIb-
Hble TeIJIOBble 3JIEKTPOCTAHIIMMY, arjioMepalrioHHbIe
U IUIaBUWIbHBIE MeTaJUIypruieckue MNPOU3BOACTBA, a
TaKXe CKUTraHue TBEPABIX OBITOBBIX 0TX010B (Chen et
al., 2021; Wang and Zhang, 2021; Zhao et al., 2024),
MpU 3TOM UX HaKOIUJIEHUE B cpellaX KyJIbTUBUPOBAHUSA
MHKPOBOAOPOCJIEN, cHabXaeMbIX ABIMOBBIMM ra3amu,
OBLJI0O HENMOCPEeNCTBEHHO KOJIMYECTBEHHO OIleHeHO B
CIelaJIn3uPOBAHHBIX TEXHOJIOTUYECKUX KCCIe/loBa-
Husax (Napan et al., 2015). Te xe MeTasUIsl, HapAQY
C Mepl0 U PTYThIO, YaCTO OOHApPYXKUBAIOTCA B IOBHI-
MIeHHBIX KOHILIEHTPAIMAX B IPOMBIIIJIEHHBIX CTOYHBIX
BOJIaX rajibBaHUYeCKUX, TOPHOAOOBIBAOINX, KOXXeBEH-
HBIX, aKKyMYJIATOPHBIX U MeTaslyIoo6pabaThIBaOLIINIX
npousBojcTB (Oladimeji et al., 2024). Okcugsl cephl U
a3oTa, B CBOIO 0Uepelb, 00pa3yIoTcs rJIaBHBIM 00pa3oM
MpU CKUTaHUM KCKOIMAeMOro TOIIMBAa Ha TEMJIOBBIX

429

3JIEKTPOCTAHIMAX U B BBIXJIONAX aBTOTPAHCIIOPTA; UX
IIPUCYTCTBHE B ABIMOBBIX rasax fABjAeTCs IpPU3HAH-
HBIM OrpaHuyuBaIyM ¢pakropom 6uodpukcanuu CO,
MHKPOBOAOPOCJIAMHU. DTU BelllecTBa, Kak OBLJIO IOKa-
3aHO, MOr'yT JM0O MHrMOMpOBaTh, MO0, B 3aBUCUMO-
CTU OT KOHIIEHTpalluy U MPOAOJIKUTEJIbBHOCTH BO3Jei-
CTBUS, CTUMYJIIPOBATh poCT BomopocJeii (Singh et al.,
2019; Tastan et al., 2012).

[ToaToMy AA MPaKTUYECKOTrO pas3BUTUA TEXHO-
JIOTHH yJlaBJIMBaHUA yrjepoAa Ha OCHOBE MHKPOBO-
JlopocJiell IjesiecooOpasHO ONMpaThCs He TOJIBKO Ha
MIMPOKO UCIMOJIb3yeMble JlabopaTopHble pedepeHCHBIe
MITaMMBI, HO M Ha perdoHajIbHble NITaMMBI, eCTeCTBeH-
HBIM 00pa3oM aJanTHpOBaHHEIE K MECTHBIM YCJIOBUAM
OCBeIIEHHOCTH, TeMIlepaTypel M Ce30HHOCTU. Takas
ajanTanys MOXeT NOBHIIATh 3PPEKTHUBHOCTb KYJib-
TUBHPOBAHUA B OTKPHITHIX YCJIOBUAX, Jake HECMOTPA
Ha TO, YTO KpynHoMaciiTabHoe KyJIbTUBUPOBaHME OCY-
ImecTBJAeTCs, KaKk MUHUMYM, B YaCTMYHO KOHTPOJIU-
pyemsbix ycimoBusx (Cheregi et al., 2019; Subramanian
and Sayre, 2022). COOTBETCTBEHHO, GUOIMPOCIEKTHUHT
1 BbJeJIeHNe HOBBIX, JIOKaJbHO aAalTHpPOBaHHBIX
MITaMMOB MUKPOBOAOPOCJIEH ¢ BBICOKUM NOTEeHIINAIOM
CeKBecTpaliy yrjepoja ocTaéTcsA BaKHBIM HallpaBJie-
HueM uccaenopannii (Lee et al., 2022).

B (pycJie 3TOro NoAxo/a) CBA3U ¢ 3TUM UHCTUTYT
OMOTEXHOJIOTUM, 5KOJIOTUU U TNPUPOAOINOJIb30BaHUA
KasaHckoro (enepasibHOro yHHBepcUTeTa NPOBOAUT
JIOJITOCPOYHYI0 pabOTy IO BBHIEJIEHWI0 M XapakTe-
pUCTUKE ILITaMMOB MHKPOBOAOPOCJeEl, OOUTaIoMMX
B 30He yMepeHHOro KJumara LeHTpajbHON Poccum.
B pesysibTaTe ObljIa co3gaHa My3elHas KOJUIEKIUA
3QeKTUBHBIX HITaMMOB-CEKBECTPAaTOPOB YIJjlepoAa.
Crnenyromuii 3Tan 3Toii paboTe - 0oTO6Op cpefu MOJIy-
YeHHBIX IITaMMOB-CEKBeCTpPaTOPOB TeX, KOTOphIe coye-
TalO0T BBICOKYI0 01IOMAacCOIPOAYKTUBHOCTD C TOJIEPaHT-
HOCTBI0 K TOKCHKaHTaM, IPUCYTCTBYIOIIMM B cpeAax
KyJIbTUBHPOBAaHUA Ha OCHOBE ABIMOBBHIX I'a30B U CTOY-
HBIX BOA. IIOCKOJIBKY TOJIEpaHTHOCTb MHKPOBOJIO-
pociell K TsKEJIBIM MeTajlaM M KHUCJIBIM rasaM, Kak
M3BECTHO, 3HAUUTEJIbHO BapbUpyeT MexXJay poJaMu U
Jlake BHYTPH HUX, II0O3TOMY BO3MOXEH HallpaBJIe€HBIN
JTabopaTOPHBIN CKPUHUHT U 0T60p mTaMmoB (Zhang et
al., 2021; Abinandan et al., 2021; Bashir et al., 2021;
Li et al., 2021).

Llesnpio HacTOsAMEN paboThl ABJIAJICA OTOOP cpenu
JIeBATH MTaMMOB MHUKPOBOJOPOCJIEH, BbII€JIEHHBIX U3
PAa3JINYHBIX BOJOEMOB U C pa3JIMYHBIX IOBEPXHOCTEH B
Pecny6iuke Tatapcrad B 2024 r., KyJbTyp, HauboJsiee
TOJIEPAHTHBIX K TsokéneM MetasiaMm (Pb, Cd) u kuc-
JIBIM ra3aM (SOZ/NOX).

2. MaTtepuanbl U MEeTOADI
2.1. U3onAuMA WTaMMoOB
MHUKPOBOAOPOCAEH

JleBATh IITaMMOB MHKPOBOJIOPOCJIeH, IIpoaHa-
JIN3UPOBAHHBIX B HACTOAIIEM HCCIeJ0BaHUM (M30JIATH
Ne 1, 4, 6, 9, 10, 13, 14, 15 u 16), ObIM NOJTyYeHBI
B 2024 r. U3 pasJMYHBIX IPECHOBOAHBIX BOLOEMOB U
noBepxHocTell Ha Tepputopuu PecryOinku Tatapceras,
Poccus (Tabnuna 1). OT60p mpod NOBEPXHOCTHBIX BOJ
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nposogunu B coorBerctBun ¢ I'OCT 17.1.5.05-85;
HITaMMBI BBIJEJIAIN B MOHOKYJIBTYpPY Ha TBepHou (2%
arap) cpefie TamusA myTeM MHOIOKpaTHOIO IlepeceBa U
BBIIeJIeHUA OTHAEJIbHBIX KOJIOHHH, NeKOHTaMHHAaLUIO
MIPOBOAWJIM IO aHTHOAKTepUaIbHOU - (YHTHIUIHOMN
cxeMme Mustapa et al. (2016).

2.2. YCAOBMUA KYABTUBUPOBAHUA

CKpHHUHT IITaMMOB IIPOBOJMJIY Ha TN TaTeJIbHON
cpefie, COOCTAaBUMOM IO yCJIOBUAM C 60raTbiMu OHO-
TreHHBIMU 3JIeMeHTaM{ CTOYHOH BOJAe - KOMIJIEKCHOM
rpaHyIMpoBaHHOM ynoOpeHnu «depTuka YHUBepcal»
(5 r yno6penus pacteopsiiud B 1000 M JUCTUILIMPO-
BaHHOI Bozbl; cocTas: N 12%, P,0, 8%, K,0 14%, MgO
2%, S 8%, B 0,1%, Cu 0,1%, Fe 0,1%, Mn 0,2%, Mo
0,01%, Zn 0,1%), cienys Jioruke noabopa napaMmeTpoB
KyJibTBHUpOBaHusA Singh et al. (2019), mpu ocBermeHuU
CBETOOUOOHBIMU MpokekTopamu Solar LED Light S04
(5000 mroKc, cBeTOBOI pexuM 16:8 1) B TepMOCTaTHUPY-
eMol kiuMmarudeckoil kamepe (25 °C).

2.3. OueHKa TOAepPaHTHOCTH K TAXKEeAbIM
metannam (Pb, Cd) u SO,/NO_

TosiepanTHOCTh K Pb u Cd ompenmensnu kak
sHauenna EC50 c ucnosb3oBanueM mnoaxona Li et al.
(2021) (crok-pactBOp/cepus pa3BedeHUl, UHTUOUPO-
BaHue pocTa 1o OD). IlITaMMBbI 9KCIIOHUPOBAJIU B Teye-
Hue 10 cyTok (ycyoBusA - Kak B paszese 2.2) B cepuu
koHuenrpauui PbCl, wim CdCl, (0,5, 5, 10, 20, 50,
75, 100, 125, 150, 175 u 200 mr/n B cpene depTuka,
a Takxe KOHTpPOJIb 6e3 MeTasljia; IIpU HeloNagaHUU
~50%-HOro MHruOMpPOBaHUA B 3Ty CEPUI0 TOTOBWJIU
JOIIOJIHUTEJIbHBIE [IPOMeXyTOYHble/pacliipeHHbIe
pasBeneHusn). WHrubupoBaHue pocTa pacCUMTHIBAIA

mo OD620 (cnexkrpodoromerp 721NVIS) orHOCU-
TEJIbHO KOHTpOJIsA, 3HaueHus EC ) mosiyyasu MeTomom
HEeJIMHEMHOM perpeccud, Kak onvcao Li et al. (2021).

TonepantHocTh K SO, 1 NO, oueHMBaI METO-
JIOM HellpephIBHOr0 0apOOTHPOBaHNA IpeABapUTEIbHO
KyJIbTUBHPOBAHHBIX MITaMMOB (pa3fes 2.2) Mo MeTo-
aukaM Lee et al. (2002) gia SO, (0-150 ppm, kak gjisa
Chlorella sp.) u Radmann et al. (2011) ga NO_ (30-100
ppm), ¢ nogaveit CO, B KaueCcTBe NCTOYHUKA YIJIepoa
1 KoHTposieM 06e3 rasa (ToJjibko Bo3ayx). Yepes 10
cyTok mHrubuposaHue poctra (OD620, cnexktpodoTo-
MeTp 721NVIS) u EC, | onpeaesisig Kak ONKUCaHoO BhILIE.

2.4. OnpepeneHne OKMCAUTEAbHO-
BOCCTaHOBHUTEAbHOro noreHuuana (3AC), pH
U UBETHOCTH BOADbI

OJAC u pH Ky’apTypaJibHOM cpenbl H3Me-
P/l NOTEHIMOMEeTPUYeCKH C IOMOIIBI0 HMOHOMeTpa
AHHNOH-410 (Mudpacnak-AHanut, Poccus) B COOTBeT-
cruu ¢ ISO 10523:2008 (pH) u ASTM D1498 (OBII), c
PYTUHHOI KaJIMOPOBKOM MO CTaHAAPTHHIM OydepHBIM
pacTBopaMm U pacTBopy 3006eJijia COOTBETCTBEHHO.

LIBeTHOCTh BOABI ONIpeAesATd METOJOM CIIeK-
TpaspHOro koadduuueHra norsomeHus (SAC) nmo DIN
EN ISO 7887:2011, mo onTuhueckoi IJIOTHOCTU IpHU
436, 525 1 620 HM (k10BeTHl 1 cM, 6J1aHK — AHUCTUJLIN-
poBaHHas Bofa) kak SAC(A) [mMm—1] = 2,303 x A(\) /
d (d = 0,01 m).

2.5. Upentudpukauua wWITaMmmoB

ITaMMBI UIeHTUGUIIPOBAIU MeTOZOM
cekBeHUpoBaHUs 1o CiHTepy aMIUIMKOHOB MapKep-
HBIX y4yacTkoB (Hab6op BigDye Terminator v3.1 Cycle
Sequencing Kit; kanusuisapHEIil s1ekTpodope3 Ha Npu-

Ta6suna 1. IIpoucxoxaeHre 1eBsATH MITAMMOB MHUKPOBOJOPOCJIeH, IpOaHaJIM3UPOBAHHBIX B HACTOSIIEM HCCIleI0BaHNUN

No uzosisAaTa TakxcoHOMHYECKasn Mecro oT60opa KoopauHaTtsel
IPUHAAJIEXXHOCTh (mmpoTa, JoJroTa)
1 Chlamydomonas o3epo Illanxaii, r. Kazans, Pecny6uka TaTapcTaH 55.687040,
Ehrenberg, 1833 sp. 49.075503
4 Chlorococcum o3epo B napke ITo6ensl, r. Kazans, PeciyGnka 55.830979,
Meneghini, 1842 sp. TaTapcTraH 49.109349
6 Edaphochlamys debaryana |LJupKyJIAIMOHHEIN KaHaI (YacTh CHICTEMBI cO6poca OXJIax- 55.753878,
(Goroschankin) Proschold et nmaromeit Boasl TOLT) 49.130386
Darienko, 2018
9 Chlamydomonas o3epo MapbuHo, 1. Kazanb, Pecny6ika TatapcraH 55.832808,
Ehrenberg, 1833 sp. 49.103063
10 Chlorella peka Kasanka, yJi. l'aBpuiioBa, r. Kazanb, PecriyGimka 55.833304,
Beijerinck, 1890 sp. TaTapcraH 49.166199
13 Chlamydomonas moewusii peka Bouira, paiioH pe4yHOro nopTa, r. Kazaus, 55.776893,
Gerloff, 1940 Pecniy6inka TaTtapcTaH 49.095229
14 Chlorella vulgaris o3epo Ypurkoro, r. Kazaus, Peciybsivika Tatapcrad 55.837827,
Beijerinck, 1890 49.066470
15 Spongiosarcinopsis o3epo Huxuuii Kabaw, r. Kazans, Pecniy6imka 55.777503,
Temraleeva et al., 2018 sp. TaTapcTraH 49.123895
16 Chlamydomonas Cocko0 ¢ BHyTpeHHel CTeHKHU XeJIe3HOH G0UKU ¢ OTCTO- | JaHHBIE OTCYTCTBYIOT
Ehrenberg, 1833 sp. SHHOW apTe3uaHCKOU BOJOU
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6ope Hanodop-05), cienqys ctangapTHBIM IIpolielypaM
IITPUXKOIUPOBAHUA MUKpoBojopociiei (cp. Khaw et
al., 2020), ¢ TakcOHOMHUYECKUM OTHeceHueM 1o NCBI
BLAST u MEGA X. 'enomuyto JTHK Beifesnisanu HabopoM
FastDNA Spin Kit for Soil (MP Biomedicals) u ompene-
a4 Ha payopumMeTtpe Qubit 3.0.

2.6. CtatucTtnueckan obpaborka
pe3yAbTaToB

Bce skcnepuMeHTHl IPOBOAWIIMA He MeHee YeM B
TPEX He3aBUCHUMBIX TOBTOPHOCTAX. Cpe/iHNUe 3HaYeHN,
CTaHAapTHOe OTKJIOHEHHWe M CTaHJapTHYIO OIIKOKY
paccuuThiBajIy MO JaHHBIM IOBTOpHOCTel. Pasnnuusa
MeXxJy BapHaHTaMH BO3AeNCTBUA U KOHTPOJIEM Olle-
HHMBaJIU ¢ ToMoIIbio Kputepus MaHHa-Yurau (Happ et
al., 2019).

3. PesyabTarthl

3.1. XapakrepucTuka Touek otbopa
npo6: OKUCAUTEAbHO-BOCCTAHOBUTEAbHbIN
noreHuuan (3AC), pH ¥ UBETHOCTb BOAbBI

JeBsaTh Touek oTrbopa npob, M3 KOTOPHIX OBLIU
[I0JIy4YeHBl IpoaHaIM3MpOBaHHbIE B HACTOAIIEM Ucciie-
JOBaHUU IMITaMMBI MUKpoBogopocyeinn (Tabiuma 1),
OXBaThIBAJIM PsAJ MPECHOBOAHBIX MeECTOOOUTAHUN Ha
tepputopun Pecnybsmku TatapcraH, BKJIIOYas JiBe
peku (Bosra, Kazanka), aTs 03ép (lllauxaii, MapsuHo,
Ypunkoro, HuxHuti Kaban u ozepo B napke ITo6enst),
MPOMBIILJIEHHBIN HUPKYJIAIUOHHBIA KaHaJl, SBJIAIO-
LIUICA 4acThl0 cUCTeMBI cOpoca OxJIaxAarIield BOJIbI
TOLI, u CTOAYYI0 apTE3UAHCKYI0 BOJY, HAKONUBIIYIOCA B
xKeJjie3HOU Gouke. OKHCJINTEIbHO-BOCCTAHOBUTEIHHBIN
notennuan (3C), pH u 1[BETHOCTh BOABI B KaXJOU
TOYKe IpeJicTaBJieHsl Ha Pucynke 1(a-B).

(a) OKHCIMTE/THHO-BOCCTAaHOBUTEIbHBIN moTeHnHas (JIC) Touyek orGopa
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Puc.1. XapakTepucTHKa TOUYeK 0TOOpa Mpob AJIs AEBATH MITAMMOB MUKPOBOJOPOCIEN: (a) OKUCIIUTETbHO-BOCCTAHOBUTE b~
Heil notennuan (9C, MB); (6) pH; (B) iBeTHOCTb BOAHI, BRIpaXKeHHas1 KaK ClleKTpaJibHBIN KoadbduiiueHT noryomieHus (SAC, m-1)

nipu 436, 525 u 620 uMm (DIN EN ISO 7887:2011).
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OKHCIUTEJIPHO-BOCCTAHOBUTEJIBHBIN MMOTEHITHUA
HIMPOKO BapbUPOBAJI MeXAy ToukaMu otrbopa - ot 27,1
MB B mpobe u3 3akpwiToii 60uku Ao 1518 MB B o3epe
Hwxuuii Kaban (Puc. la), 4to oTpaxaeT KOHTpacT
MeXJy 3acTONHBIMU, JIMMUTHPOBAHHBIMU IO KHCJIO-
POAy YCJIOBUAMMU 3aKPBITONM €MKOCTH U XOPOIIO a’pu-
pPyeMBIMM, OKUCJUTEJIBHBIMU YCJIOBUAMU OTKPBITOT'O
o3epa. BompmMHCTBO MPUPOJHBIX BOLOEMOB (03€pa
u peku) nokasanu 3HaueHus DJIC Beime 700 MmB, 3a
3aMeTHBIM HCKJIIoUeHHeM TOYKU Ha peke Bosre (317,5
MB). 3naueHus pH Bo Bcex TOYKaxX BapbUpOBaIM OT
6,417 (6ouka) no 7,9765 (o3epo B napke [lobenni), T.
e. OT OJIM3KUX K HeWUTpaJIbHbIM [0 CJIa0OoIIeT0UHBIX
(Puc. 16), 4TO COOTBETCTBYeT THUMWYHBIM 3HAaYE€HUAM
711 IPECHOBOJHBIX BOJIOEMOB yMepPeHHOU KJIMMaTuie-
CKOM 30HBI pervoHa.

LIBeTHOCTP BOJIbI, BhIpakeHHasl KakK CIeKTpaJib-
HBIN1 Ko3d¢duuueHT mnornomenus (SAC, m—1) mnpu
436, 525 1 620 um (Puc. 1B), 6p11a HU3KOH (SAC < 16
M—1 Ha BcexX TPEX JJIMHAX BOJIH) B MIECTU U3 JeBATU
Touek (130JATH 4, 6, 9, 10, 14 u 15), uTo ykaspiBaeT
Ha HM3KOe coJiepXaHue OKpaIleHHOr0 PacTBOPEHHOIO
OpraHUYecKOro BelecTBa. B [IByX TOuYkax OTMeUeHBI
3aMeTHO TOBBIIIeHHbIe 3HaueHus SAC: npoba u3 peku
Bosaru (SAC436 = 136,3 m— 1, npu 60jiee HU3KUX 3Ha-
yeHUsAx Ha 525 u 620 HM - 5,1 u 3,9 m—1 cooTrBeT-
CTBEHHO) U npoba u3 6ouku (SAC436 = 90,1, SAC525
96,0, SAC620 = 73,9 m—1), nmpuuém mocjeaHsas
JEMOHCTpPHpOBaJa MOBhIIIEHHOe MOTJIo[eHre BO BCEM
U3MEepeHHOM CIIeKTpaJjibHOM JuamnasoHe. IIpoba wu3
ozepa Ilanxati (13074T 1) MOKa3asia yMepeHHbI, CpaB-
HUTeJbHO paBHOMepHHIT SAC (3,5-16,1 m—1). 3tu
pe3yJibTaThl corjacyioTcs c 0ojiee BBICOKUM cofep-
’)kaHNeM B3BelIeHHOTI'0 1/WJU PacTBOPEHHOIO (B TOM
YrcJie OKpalleHHOr0) BelllecTBa B KPYIHOM JIOTUYECKOL
cucreMe (peka Bosra) U B 3acTOMHOMN, [OJITO CTOSB-
mel BoJie B 3aKPHITON MeTaInyeckoil éMKOCTU COOT-
BETCTBEHHO; NMpaKTHUYecku OAUHaKoBbIMI SAC Ha Bcex
TPEX IJIMHAX BOJIH AJiA NPoOBl U3 OOYKU, B OTJIUYHE
OT CWJIBHO 3aBUCHALIEro OT JJIMHB BOJIHBI SAC mpoOwl

13 BoJry, ONOJTHUTESIBHO YKa3blBaeT Ha KaueCTBEHHO
Pa3JIMYHBIN COCTaB OKPALIEHHOI'0 PACTBOPEHHOTO Opra-
HUYECKOTO BelllecTBa. B mepBoM ciiyyae - coeIHEHUA
C IIMPOKOIIOJIOCHBIM TOTJIONeHeM 6e3 IBHOTO MaKCHU-
MyMa B cUHell 061acTyi, BO BTOPDOM - T'YMYCOIIO/I00HbIE
BelllecTBa ¢ XapaKTepHBIM MaKCMYyMOM HOTJIONIeHNs B
KOPOTKOBOJIHOBOM JMiana3oHe.

3.2. ToAnepaHTHOCTb U3ONATOB
mukposoaopocaen K Cd u Pb

3navenusa EC,, mna Cd u Pb, onpenenénmbie
JUTA KaXJI0TO U3 JEBATU H30JIATOB, IIPe/ICTaBJIeHbl Ha
Pucynke 2. TojilepaHTHOCTh K 060MM MeTajuiaM 3Ha-
YUTeJbHO BapbHpoBajia Mexnay wusojAramu. [na Pb
snauenuss EC,, BapbupoBamu ot 31,1 mr/n (u3osAT
1, Chlamydomonas sp.) mo 238,5 wmr/n (usosar 14,
Chlorella vulgaris) - npuGIU3UTENIBHO 7,7-KpaTHBIN
nuanasoH. Jlyia Cd snavenus EC, ) BappupoBanu ot 8,3
mr/n (u3onar 6, Edaphochlamys debaryana) no 176,3
mr/na (u3osAar 4, Chlorococcum sp.) - NPUOITU3UTETHHO
21-KpaTHBIH qUanas3oH.

Nzomar 14 (Chlorella vulgaris) covetan HauBbIC-
mee 3HaveHue EC,) mo Pb co cpaBHUTE/IBHO BBHICOKMM
snauenuem EC,  mo Cd (129,7 mr/mn), 4TO JeJIaeT ero
Haubosee TojlepaHTHHIM K Pb/Cd usossitoMm B 1esiom.
Uzousat 4 (Chlorococcum sp.) nokasasl HauBhICIIee 3Ha-
uvenne EC,) mo Cd (176,3 mr/mn) Hapaay CO CpaBHU-
TeJIbHO BBICOKHMM 3HadyeHUEeM EC50 no Pb (113,7 mr/m).
Hampotus, uzossat 6 (Edaphochlamys debaryana) v u3o-
JaT 13 (Chlamydomonas moewusii) mokasajau OOHU U3
cambIX Hu3KMX 3HaueHnd EC,  mo oboum MeTasiam
(Cd: 8,3 u 17,5 mr/m; Pb: 56,2 u 34,1 Mr/j1 coOOTBET-
CTBEHHO), YTO YKa3blBaeT Ha CPAaBHUTEJIBHO BBEICOKYIO
UX 4YyBCTBUTEJIbHOCTh. Y Bcex msoyiaToB EC, ) mo Pb
TpEeBhIIIao0 COOTBETCTBYyIomee 3HavyeHne EC,, no Cd,
4TO corjiacyercs ¢ 60jiee HU3KOU TOKCUYHOCTBIO Pb o
cpaBHeHHIo ¢ Cd, 06BIYHO ONMKCEIBAEMON JJIA 3eJIEHBIX
MUKPOBOZOPOCJIE.

TonepanTHocTh (ECs0) muramMmoB Mmukposoxopociei K Cd u Pb

250 1
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150 -

ECso (Mr/m)
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Ne u3onara

Puc.2. 3nauenus EC ) (mr/m) ansa Pb u Cd ny1a [eBATH MITaMMOB MMKPOBOAOPOC/Iel. [11aHKU MOrpelHoCTel OTpaXaroT
cTaH/JapTHYyI0 omMOKy cpeanero (SE, =5-7% ot sHauenus EC, ).
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3.3. YUyBCTBMTEAbLHOCTb K AMOKCHAY cepbl U
oKcuaam a3orta

UyBCTBUTEJIBHOCTD JEBATU U30JATOB K SO, u
NO, oueHMBaIM MPU UCIBITATEIbHBIX KOHIIEHTPALUAX,
BHIOpaHHBIX B [IpefiesiaxX AUana3oHOB, MCII0JIb30BAaHHBIX
Lee et al. (2002) pna Chlorella sp. KR-1 (SO,, 0-150
ppm) 1 Radmann et al. (2011) g1 ycroitumBbix K SO /
NO, mukposonopocieir (NO_, 30-100 ppm): 50 u 100
ppm NO_, 50 ppm SO, u 100 ppm NO,. Kak u B 3TUX
pedepeHCHBIX UCCNIeJOBAHUAX, U30JIATH Kiaccuduiu-
poBaJIy, Ha OCHOBAaHUU POCTa OTHOCUTEJIBHO KOHTPOJIA
6e3 raza (kputepuii MaHHa-YUTHM), KAK HETOKCUYHBIE
(nt - oTCyTCTBUE CTATHUCTUYECKU 3HAYUMOI'0 UHTUOUPO-
BaHUA POCTa) WJIM TOKCUYHBIE (t - CTaTUCTUYECKHU 3Ha-
YMMOe UHTHUOMPOBAaHUE) MPU KaXIOU HCIBITATEIbHOU
koHIeHTpauuu (Tabiuna 2).

[Tpu GoJiee HU3KUX HCNBITaTEJIbHBIX KOHIIEHTpa-
muax - 50 ppm NO, u 50 ppm SO, - Bce A€BATh M30-
JATOB OBUIM KJIacCU(PULIMPOBAHBI KaK HETOKCHUYHBIE,
YTO yKasblBaeT Ha HIMPOKYI0 OOMIyI0 TOJIEpaHTHOCTh K
000MM MOJUIIOTAHTaM IIPU 3TUX YPOBHAX, CONOCTaBU-
MYI0 C TOJIEPAHTHOCTBIO, onucaHHOH A Chlorella sp.
KR-1 npu HM3KUX U YMEPEHHBIX KOHIeHTpanusax SO,
(Lee et al., 2002) u s ycroitumBbix k SO /NO_ mram-
MOB Ipu KOHIeHTpauuax <60 ppm SO, (Radmann et
al., 2011).

CnenmudryHas [UiA M30JATOB UYyBCTBUTEJIb-
HOCTb NposABUJIACh NpU OoJiee BBICOKUX HCIBITATesIb-
HBIX KOHUeHTpanuax. [Ipu 100 ppm NO,_ Tpu usosisATa
- 6 (Edaphochlamys debaryana), 13 (Chlamydomonas
moewusii) u 15 (Spongiosarcinopsis sp.) - TNokasaju
CTAaTUCTUYECKN 3HAYMMOe HMHrubrpoBaHue pocra (t),
TOrAa KakK oOcCTajibHble HIeCTb W30JIATOB OCTaBaJINCh
HETOKCUYHBIMY, 4TO IIOMelljaeT IOpOr YyBCTBUTEJILHO-
CTU 3TUX TPEX U30JIATOB B quana3oH 30-100 ppm NO,
onucanHbiii Radmann et al. (2011). ITpu 100 ppm NO,
ATk n30JAToB (1, 4, 9, 13 u 15) 6buTH KIIaccuduUIUpPO-
BaHBl KaK TOKCHYHBIE, TOrAa Kak ueTelpe uzosiATa (6,
10, 14 u 16) ocTaBaMCh HETOKCUYHBIMU. M30J1ATH 10
(Chlorella sp.) u 14 (Chlorella vulgaris) 66111 HETOKCHY-
HBIMU NIpY BCeX KCHBITAaTeJIbHBIX KOHIEHTpaIUaX, YTO
corjlacyeTcs CO CpaBHUTEJIbHO BBICOKOI TOJIEpaHTHO-
cteio k SO /NO , panee onucaHHO# [71s poaa Chlorella
(Lee et al., 2002; Radmann et al., 2011); usosaTer 13
u 15 okazanuch HauboJiee MUPOKO YyBCTBUTEIbHBIMU,

[I0Ka3aB TOKCUYHOCThb KaK IIPU MOBBIIIEHHBIX KOHIIeH-
tpauusax NO,, tak u NO,.

4. 06cyxpenue
4.1. CpaBHeHMe TOAepaHTHOCTU K Pbu Cd ¢
AMTEpPaTYPHbLIMHU AQAHHBIMM

3nauenus EC_ mo Pb, nosyueHHsle B HacTOAIEM
uccnegosanuu (31,1-238,5 mr/n; Puc. 2), y 60abmuH-
CTBa M30JIATOB OKA3aJIMCh BEIIIE 3HAUEHUI, ONICAHHBIX
B JIUTEpaType IJIA TeX Xe WIN OJIM3KOPOACTBEHHBIX
TakcoHOB. yisi Chlorella vulgaris (u3onar 14) 3Have-
uue EC,, mo Pb (238,5 wmr/y) mpeBHICUJIO AWANA30H
48,4-73,2 mMr/J1, onucaHHbIN A1 3toro Buga (Exposito
et al., 2021), B 3,3-4,9 pasa, a snauenue EC, no Cd
(129,7 mr/n) npesicuyio AuanasoH 0,9-7,5 mr/i, onu-
caunabi ana C. vulgaris (Hussain et al., 2021; Expoésito
et al., 2021), 6oJiee yeMm Ha nopsAAoK. Cxoxasa KapTUHA
Habmofanack i usosiata 10 (Chlorella sp.: EC,, mo Pb
= 137,3 mr/1n, EC,  mo Cd = 101,7 mr/x). Takas cre-
IEHb PACXOXIEHUs ¢ OIyOJIMKOBAHHBIMU 3HAUYEHUSMU
EC,, nna popa Chlorella yxasbiBaeT J1u60 Ha HEOOBIYHO
BBICOKYI0 COOCTBEHHYIO TOJIEPAHTHOCTh 3THUX [IBYX
M30JIATOB, JIMOO Ha BJMAHHE OSKCIIepUMEHTaJIbHBIX
daxropoB (coctaB cpenpl, pH, IPOOOJIKUTEIHHOCTDH
OKCIO3UINM), He IOJHOCTBI0O COMOCTAaBUMBIX MeXay
HccyeJOBaHUAMY, U 0JDKHA BOCIIPUHHUMATBCS € OCTO-
POXHOCTBIO 10 HE3aBUCUMOT'O IOATBEPXKIAEHUA.

Hna rpynmel Chlamydomonas (u3osAtet 1, 9, 16 n
C. moewusii, n3051aT 13) COOTBETCTBUE JINTEPATYPHBIM
snauenuaMm EC, | nya pepepencroro Buaa C. reinhardtii
(Pb: 19,99-29,48 mr/m; Cd: 12,48 mr/um; Li et al., 2021)
0Ka3aJioch 3HAYUTEJIPHO OoJiee OJIM3KUM. 3HAUEHUs
EC50 no Cd ga usosnsros 1 19 (11,41 u 12 Mr/J1 coot-
BeTCTBEHHO) OBUIM NpaKTUYeCcKU WIeHTUYHBI JINTepa-
TypHOMY 3HaueHuIo [uiA C. reinhardtii, Tora Kak 3Haye-
Hus EC, o Pb s Tex xe usossros (31,1 u 76,1 mr/mn)
OXBaThIBAJIM €ro MWW yMepeHHO INpeBhmanmy. N30T
13 (C. moewusii) nokasan snauenus EC,  mo Pb u Cd
(34,1 u 17,5 mr/mn), qocTaToyHo GJIU3KHE K OPUEHTUPY
C. reinhardtii. V3onat 6 (Edaphochlamys debaryana),
IUIA KOTOPOro BujocnenuduyHas JauTepaTypa OTCyT-
cTByerT, nokasas sHayenue EC, no Cd (8,3 mr/n), 651u3-
Koe k opueHTUpy C. reinhardtii, NCTI0JIb30BAaHHOMY KaK
Omxaiimuil GuoreHeTUYeCcKU aHAJIOT, U 3HauYeHue

Ta6suna 2. YyBCTBUTEIBHOCTD AEBATU IITAMMOB MUKPOBOZOPOCJIEH K SO, u NO, (nt - HETOKCUYHO, OTCYTCTBLE 3HAULMOTO
UHTUOUPOBAHUA POCTa OTHOCUTEJIBHO KOHTPOJIA 6e3 rasa; t - TOKCMYHO, CTaTUCTUYeCKH 3HaUNMOe NHruOUpoBaHue pocTa, Kpu-

Tepuii MaHHa-YUTHH).

Ne n3osiata| TakcoHOMHYeCKas MPUHALJIEXKHOCTh 50 ppm NO_ 100 ppm NO_ 50 ppm SO, 100 ppm NO,
1 Chlamydomonas sp. nt nt nt t
4 Chlorococcum sp. nt nt nt t
6 Edaphochlamys debaryana nt t nt nt
9 Chlamydomonas sp. nt nt nt t
10 Chlorella sp. nt nt nt nt
13 Chlamydomonas moewusii nt t nt t
14 Chlorella vulgaris nt nt nt nt
15 Spongiosarcinopsis sp. nt t nt t
16 Chlamydomonas sp. nt nt nt nt
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EC,, no Pb (56,2 mr/), IpuMepHO BABOE MPEBBILIAI0-
jee 3TOT OPUEeHTHUP.

KosmuectBennbie pgannbie EC,, B smTepa-
Type otcyTcTByIOT i1 Chlorococcum (uzomnar 4) u
Spongiosarcinopsis (130saT 15); equHCTBeHHAs 3HAuYU-
Mas omy6smkoBaHHas nHbopmanua aisa Chlorococcum
- KauecTBeHHOe HalOmofeHue o ToM, 4to Chlorococcum
dorsiventrale mepeHocut BosaerictBue Cd, Cr(VI) u Pb
6e3 moTepu XKU3HECIOCOOHOCTH B TeueHHe 14 CyTOK
(Hmani et al., 2024), yTo mo KpaiiHell Mepe M0 Hampas-
JIEHHOCTHU COIJIacyeTCsi CO CPaBHUTEJIbHO BBICOKUMU
snayenuamu EC, o Pb u Cd, oGHapyxeHHbIMU 371€Ch
st usosara 4 (113,7 u 176,3 Mr/Jj1 COOTBETCTBEHHO -
Hausbicee 3Havenre EC ) mo Cd cpenu Bcex neBATH
usosiAToB). EC,) u paccmaTtpuBath 3HaueHus EC, 1o
OT/IeJIbHOCTH, HauboJiee TojiepaHTHHIM K Pb okazancs
uzosAt 14 (Chlorella vulgaris, 238,5 mr/i1), a HauboJsee
ToJstepaHTHBIM K Cd - usosar 4 (Chlorococcum sp., 176,3
MrI/JI).

4.2. CpaBHeHHe YyBCTBUTEAbHOCTH K SO,/
NO_c AuTepaTypHbIMHM AQHHBIMMH

Tor ¢akT, 4TO Bce AeBATh M30JIATOB OKa3aJIMCh
HeToKcnuHbiMU (nt) mpu 50 ppm NO_u 50 ppm SO,
COTJIacyeTcsA € TOJIEPAHTHOCTBIO YCTOMYUBHIX K SO /
NO, mrammos Chlorella vulgaris x SO <60 ppm u
NO, <100 ppm, omucanHo# Radmann et al. (2011),
a Takxe ¢ ymepeHHBIM (=25%) HUHrMOHMpPOBaHUEM
pocta, onucaHHbIM Lee et al. (2002) mya Chlorella sp.
KR-1 mpu conocraBumoi KoHnenTpanuu SO, (60 ppm).
PesysibTaThl TOKA3aJIM, YTO POCT CHIDKAJICS, HO He I0JI-
HOCTBIO [TOAABJIAJICA IIPYU 3THUX KOHIEHTpAIUAX Jaxe Y
6oJiee 4yBCTBUTEJIBHBIX IITAMMOB HaCTOAIIET0 KCCJIe-
JI0BaHus, BCJIECTBUE Yero HU OAWH U3 HUX He JOCTUT
ropora 3Ha4lMOCTH, UCI0JIb30BaHHOIO JJIA Kjlaccudu-
KallMM IMITaMMa KaK TOKCHUYHOro (t).

I[TIpu Gosee BBICOKMX KOHUeHTpauusax NO_ (100
ppm) u NO, (100 ppm) mnosB/ieHHE TOKCUYHOCTU Yy
vacTu u30JiAToB (6, 13 u 15 mpu 100 ppm NO;; 1, 4,
9, 13 1 15 npu 100 ppm NO,) monagaeT B AuanasoH, B
koropoM Radmann et al. (2011) Ha6rogamy nepexon
OT TOJIEPAaHTHOCTU K uHrubuposaHuio (30-100 ppm
NO,). IlosiyueHHBblE pe3yJIbTaThl TAKXe COTJIACYIOTCA
¢ maHHbeIMH Lee et al. (2002), moxkasaBHIMMU KOHIIEH-
TPallOHHO-3aBUCHMOE CHI)KEHHEe CKOPOCTU pOCTa

Ta6smua 3. BajuibHas oLleHKa TOJIEPAHTHOCTH JEBATH INTaMMOB MHMKpoBojopocnei k Pb, Cd, SO, u NO,_ (Pb, Cd: 1

Chlorella sp. KR-1 mpu yBeIM4YeHMU KOHI[EHTPALNU
SO,. Ysomnarer 10 (Chlorella sp.), 14 (Chlorella vulgaris)
u 16 (Chlamydomonas sp.) ocTaBajiCh HETOKCUYHBIMU
IIPU BCEX YETHIPEX HCIBITATENbHEBIX YCJIOBUAX. J[71 IBYX
n30:ATOB Chlorella 310 corJjiacyeTcs cO CpaBHUTEJIbHO
BBICOKO#1 TOJIEPAaHTHOCTBIO K SO /NO_, onrcaHHoOu 15
3TOro poga B 000ux pedepeHCHBIX HCCJIeOBAHUAX,
TOrJ]a KaK CTOJIb e IOJIHAasi TOJIEPAaHTHOCTh H30JIATa
16 (Chlamydomonas sp.) mpsAMO He TOATBEPXOAETCs,
HO U He IIPOTUBOPEYUT JINTepaType, IOCKOJIbKY HU Lee
et al. (2002), vu Radmann et al. (2011) He u3yvanu
Buabl Chlamydomonas. Takum oGpa3om, u3ojsaTel 10,
14 u 16 oxasanuch HauGoJiee TosiepaHTHHIMU K SO /
NO, mrrammamuy, T. €. paBHO3HAYHBIMU IO TOJIEPAHT-
HOCTH K razam.

4.3. KomnaekCHafa OueHKa TOAePAHTHOCTH
M BbIGOp HaAMAyuLLIEro wrTamma

Jisa BeiOOpa M30J15iTa, COYETAIOIIEr0 HaWBBIC-
Iy OOIIYI0 TOJIEPAHTHOCTH K TSDKEJIBIM MeTaJllaM U
KHUCJIBIM ra3am, Obljia mIpuMeHeHa OaJuTbHas mpoleaypa
oreHku. s kaxgoro metayuia (Pb, Cd) meBATh u3oJis-
TOB OBLIM PaHXXUPOBaHbI 10 3Ha4eHuto EC,, 4To mo3Bo-
JIUJIO TIOJIYYUTH LeJIOUHCIeHHBIN 6aju1 oT 1 (HariMeHb-
wee 3Hayenue EC ), T. e. HanGoJsiee 4yBCTBUTEJIBHBIN/
HanMeHee TOJIEpaHTHHIN U30JiAT) A0 9 (HauboJibllee
snauenue EC,, HauboJjiee TOJIepaHTHHIN U30J1AT), Oe3
coBnageHui. [Jia KaXOgOro U3 YeThIPEX yCJIOBUU ra3o-
Boro BozzeiicteusA (50 ppm NO , 100 ppm NO_, 50 ppm
SO,, 100 ppm NO,) uzonAr moayyan 4,5 6ajia npu
Kiaccudukanum Kak HeTOKCUYHBIHN (nt) 1 1 6ast - kak
ToxkcuuHbIHN (t) (Tabsuia 2). UToroesii 6aI ajis Kax-
JIOT0 M30JIATAa PAaCCYMTHIBAJIU, KaK CyMMYy ero 0aJijioB
mo Pb, Cd u ueThipéx 6asuIOB 10 razam (MakcHMaJIbHO
JOCTHXXUMEBIN UToT = 9 + 9 + 4 X 4,5 = 36); pe3yJib-
TaThl 060061IeHb! B Tabuile 3.

Nzomar 14 (Chlorella vulgaris) HaGpasi HauBBIC-
NI UTOTOBBIN O6asit (35,0 U3 TeopeTU4ecKoro Makcu-
Myma 36), coueTas HAWBBICIIUI PaHT TOJEPAHTHOCTU
K Pb (9), 6;1u3kuii K MaKCUMaJIBHOMY PaHI TOJIEPAHT-
HocTH K Cd (8) 1 nmoyiHy10 ToJIepaHTHOCTH (nt) Mo BceM
YeThIPEM YCJIOBUAM ra3oBoro Bospelicrsus. Uzonar 10
(Chlorella sp.) 3arsn BTopoe MecTo (33,0), TakXke C oJI-
HOHM TOJIEPAHTHOCTBIO K ra3aM, HO HECKOJIbKO OoJiee
Hu3kuMH panramu 1o Pb u Cd. Yzosart 4 (Chlorococcum

HauboJiee YyBCTBUTE/IbHBIN, 9 = HauboJiee TOJEPaHTHBIN; ra3oBble ycjioBus: 4,5 = HeTokcnyHO (nt), 1 = TokcuyHo (t)), paH-

XMPOBaHHbIE 110 UTOTOBOMY OaJLly.

No TakcoHOMHYecKas Basut Pb | Bayi Cd | 50 ppm | 100 ppm | 50 ppm | 100 ppm | HTOroBsrmi
Hu30J1ATa NIPUHAJJIEXXHOCTh NO,_ NO,_ SO, NO, 6aJL
14 Chlorella vulgaris 9 8 4.5 4.5 4.5 4.5 35.0
10 Chlorella sp. 8 7 4.5 4.5 4.5 4.5 33.0
4 Chlorococcum sp. 7 9 4.5 4.5 4.5 1 30.5
16 Chlamydomonas sp. 4 6 4.5 4.5 4.5 4.5 28.0
9 Chlamydomonas sp. 5 3 4.5 4.5 4.5 1 22.5
15 Spongiosarcinopsis sp. 6 4 4.5 1 4.5 1 21.0
6 Edaphochlamys debaryana 3 1 4.5 1 4.5 4.5 18.5
13 Chlamydomonas moewusii 2 5 4.5 1 4.5 1 18.0
1 Chlamydomonas sp. 1 2 4.5 4.5 4.5 1 17.5
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Sp.) coueTasl eAUHCTBEHHBIYI HAUBBICIIMN paHT ToJIe-
paaTHocTH K Cd (9) c BeicOkMM paHroMm mo Pb (7),
OJIHAKO ero utorosbiii 6ama (30,5) ObLT cHUXeH M3-3a
TokcnuHocTH mpu 100 ppm NO,. Ha 3ToM ocHOBaHMU
u3osAt 14 (Chlorella vulgaris) onpeiesiéH KakK MITAMM C
HAWJIYYIINMU [TOKA3aTEJAMHU B 1[€JIOM C TOYKU 3PEeHUA
KOMILJIEKCHOM ToJslepanTHOCTH K Pb, Cd, SO, u NO_, u
PEKOMEH/IOBAaH B KauyeCcTBe OCHOBHOTO KaHAWATa IJiA
JaJsibHeNIIeld OIeHKH B KavyecTBe IITaMMa-CeKBecTpa-
TOpa yrjepoja, MpeJHa3HAYeHHOTO JJIsA KyJIbTHBUPO-
BaHUA Ha MUTATEJbHBIX BEIIECTBax IBIMOBBIX I'a3oB U
CTOYHBIX BOJI, B YCJIOBUSX, UCCJIENOBAHHBIX B HACTOSA-
el pabore.

5. 3akniouenue

JIeBATh pervuoHaIbHAIX IITAMMOB MUKPOBOJIOPO-
cneil u3 Pecny6iuky TatapcraH Mokasajad IIMPOKYIO
Bapualuio ToJjiepaHTHOCTH K Pb, Cd, SO, u NO_: 3Ha-
uenus EC,) no Pb u Cd oxBaThiBasin JuanasoH MOYTH
Ha NOPANOK U y OOJIBIIMHCTBA HU30JIATOB IIPEBhIIIAN
JIUTepaTypHBle 3HAUeHUs, ONMCAHHBIE [ TeX Xe WJIN
POJICTBEHHBIX TaKCOHOB, XOTA 3TO pacXoXAeHHe cie-
JyeT MOATBEPAUTh He3aBHUCHUMBIMM OHotectamu. Bce
M30JIATH [IePEHOCIJI HauMeHbBIe HCIBITaTeIbHbIe
koHuenTpaiuu SO, u NO,, Torma xak cnenupuvHas
[T OTJEJIBHBIX U30JIATOB YyBCTBUTEJIBHOCTD NIPOSIBJISA-
J1ach npu 6oJiee BEICOKUX KOHIIEHTPANUAX, B YaCTHOCTU
y mrammoB Chlamydomonas moewusii, Edaphochlamys
debaryana wn Spongiosarcinopsis sp.

KommiekcHass GajuibHast OIeHKA OIpejesiia
Chlorella vulgaris (u3oAat 14) Kak mTaMm C HauBbICIIEH
obmiefl TOJIEPAaHTHOCTBIO K MCCJIENOBAHHBEIM TOKCHU-
KaHTaM, 32 KOTOPHIM € HeGOJIBIINM OTPHIBOM CJeAyeT
Chlorella sp. (u3ossaT 10); o6a MPEB3OLLIN OCTAJIb-
Hble M30JIATH, BKJIIOYAs ABa APYIUX IITaMMa M3 pona
Chlamydomonas, KOTOpBI€ MOKA3aJI1 TOJIHYIO TOJIe-
PaHTHOCTH K razam, Ho 6ojiee HU3KYI0 TOJIEPAaHTHOCTh
K MeTajulaM. DT pe3yJIbTaThl I03BOJIAIOT peKOMeH 10~
BaTh Chlorella vulgaris B xauecTBe OCHOBHOI'O KaHU-
JaTta AJid AajibHelinell pa3paboTKU B KauecTBe IITaM-
Ma-ceKBecTpaTopa yrjiepoja, npegHa3HAaueHHOTO IJIA
KyJIPTUBUPOBAHUA Ha IIPOMBIIIJIEHHBIX JIBIMOBBIX ra3ax
Y YaCTUYHO OYMINEHHBIX CTOYHBIX BOJIaX B YCJIOBUSAX
Pecny6suku Tatapcras. JJanpHelimasn padoTa JOJDKHA
BKJIIOYATh IOATBEPXAEHNE CPAaBHUTEBHO BBICOKHX
sHayenuii EC ) mo MeTasilaM He3aBUCUMBIMU OHOTe-
CcTaMU, pacllipeHne TeCTUPOBAHU ra30Bol ToJIepaHT-
HOCTH Ha 0oJiee MMPOKUI AMana3oH KOHILeHTparuil u
60JIBIIYI0 IPOMOJIKUTEIBHOCTD 3KCIO3UIINK, a TaKXe
OLleHKy O6GHOMAacCONpPOOYKTUBHOCTU U CHOCOGHOCTU
K ¢ukcanqun CO, 0TOGPaHHOIO WITaMMa B YCJIOBUAX
[MJIOTHOTO KYJIbTUBUPOBAHUS Ha JBIMOBBIX rasax u
CTOYHBIX BOJIAX.
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