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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 pH (6.4-8.0) and
spectral absorption coefficient (color of water). EC_ values, determined 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 val-
ues 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 significant 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), com-
bining 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 wastewater-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
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

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
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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

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

(Goroschankin) Proschold et charge system of a thermal power plant)
Darienko, 2018

9 Chlamydomonas Ehrenberg, Lake Marino, Kazan, Republic of Tatarstan 55.832808, 49.103063
1833 sp.

10 Chlorella Beijerinck, 1890 sp. Kazanka River, Gavrilov St., Kazan, Republic of 55.833304, 49.166199

Tatarstan
13 Chlamydomonas moewusii Volga River, river port area, Kazan, Republic of 55.776893, 49.095229
Gerloff, 1940 Tatarstan
14 Chlorella vulgaris Beijerinck, Lake Uritskogo, Kazan, Republic of Tatarstan 55.837827, 49.066470
1890
15 Spongiosarcinopsis Temraleeva| Lake Nizhny Kaban, Kazan, Republic of Tatarstan 55.777503, 49.123895
et al., 2018 sp.

16 Chlamydomonas Ehrenberg, |Scraping from the inner wall of an iron barrel contain- not recorded

1833 sp. ing standing artesian water

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 pH, and color of
water

pH of the water samples was measured poten-
tiometrically with an ANION-410 multi-parameter
ion analyzer (InfraspakAnalit, Russia), following ISO
10523:2008, with routine calibration against standard
buffers.

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) [m1]=2.303xAM\) / 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: 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,b) shows the pH and color of the
water at each site.

pH values across all sites ranged from 6.4 (bar-
rel) to 8.0 (Pobedy Park lake), i.e., from near-neutral to
slightly alkaline (Fig. 1a), consistent with typical values
for temperate freshwater bodies in the region.

Color of water, expressed as the spectral absorp-
tion coefficient (SAC, m™*) at 436, 525, and 620 nm
(Fig. 1b), was low (SAC<16 m? 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 mark-
edly elevated SAC values: the Volga River sample
(SAC436=136.3 m’, with lower values at 525 and
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Fig.1. Characteristics of the sampling sites for the nine microalgal isolates: (a) pH; (b) color of water, expressed as the spec-
tral absorption coefficient (SAC, m™) at 436, 525 and 620 nm (DIN EN ISO 7887:2011).

620 nm: 5.1 and 3.9 m™, respectively) and the barrel
sample (SAC436=90.1, SAC525=96.0, SAC620=73.9
m™), the latter showing elevated absorption across the
entire measured spectral range. The Shankhai lake sam-
ple (isolate 1) showed a moderate, comparatively uni-
form SAC (3.5-16.1 m™). 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.

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.
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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).
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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).

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 (Expésito 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; Expésito 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-
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

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
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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 compara-
ble 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 sensitive strains
of the present study, so that none reached the signifi-
cance threshold used to classify a strain as toxic (t).

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=9+9+4x4.5=36). 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
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.

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
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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.

Acknowledgements

This work was funded by the subsidy allo-
cated to Kazan Federal University for the state assign-
ment in the sphere of scientific activities, project No.
FZSM-2024-0004.

Conflict of Interest

The authors declare no conflicts of interest.

References

Abinandan S., Venkateswarlu K., Megharaj M. 2021.
Phenotypic changes in microalgae at acidic pH mediate
their tolerance to higher concentrations of transition met-
als. Current Research in Microbial Sciences 2: 100081. DOI:
10.1016/j.crmicr.2021.100081

Bashir K.M.I., Lee H.-J., Mansoor S. et al. 2021. The
effect of chromium on photosynthesis and lipid accumula-
tion in two chlorophyte microalgae. Energies 14: 2260. DOI:
10.3390/en14082260

Chen Y., Zhang F., Liu Y. et al. 2021. Study on the
removal efficiency of heavy metals in flue gas of small sinter-
ing machines. Advances in Transdisciplinary Engineering 17:
580-587. DOI: 10.3233/ATDE210324

Cheregi O., Ekendahl S., Engelbrektsson J. et al. 2019.
Microalgae biotechnology in Nordic countries - the potential
of local strains. Physiologia Plantarum 166(1): 438-450. DOI:
10.1111/ppl.12950

DIN EN ISO 7887:2011. 2011. Water quality -
Examination and determination of colour. German version
EN ISO 7887:2011.

426

Exposito N., Carafa R., Kumar V. et al. 2021. Performance
of Chlorella vulgaris exposed to heavy metal mixtures: linking
measured endpoints and mechanisms. International Journal
of Environmental Research and Public Health 18(3): 1037.
DOI: 10.3390/ijerph18031037

Happ M., Bathke A.C., Brunner E. 2019. Optimal sample
size planning for the Wilcoxon-Mann-Whitney-test. Statistics
in Medicine 38(3): 363-375. DOI: 10.1002/sim.7983

Hmani R., Elleuch J., Elleuch F. et al. 2024. Molecular
and enzymatic responses of Chlorococcum dorsiventrale to
heavy metal exposure: implications for their removal. Applied
Sciences 14: 8551. DOI: 10.3390/app14188551

Hussain F., Eom H., Toor U.A. et al. 2021. Rapid assess-
ment of heavy metal-induced toxicity in water using micro-al-
gal bioassay based on photosynthetic oxygen evolution.
Environmental Engineering Research 26(6): 200391. DOIL
10.4491/eer.2020.391

IEA. 2025. CO, Emissions - Global Energy Review 2025.
International Energy Agency, Paris.

Khaw Y.S., Khong N.M.H., Shaharuddin N.A. et al. 2020.
A simple 18S rDNA approach for the identification of cultured
eukaryotic microalgae with an emphasis on primers. Journal
of Microbiological Methods 172: 105890. DOI: 10.1016/j.
mimet.2020.105890

Lee J.-C., Joo J.-H., Chun B.H. et al. 2022. Isolation and
screening of indigenous microalgae species for domestic and
livestock wastewater treatment, biodiesel production, and
carbon sequestration. Journal of Environmental Management
318: 115648. DOI: 10.1016/j.jenvman.2022.115648

Lee J.S., Kim D.K,, Lee J.P. et al. 2002. Effects of SO, and
NO on growth of Chlorella sp. KR-1. Bioresource Technology
82(1): 1-4. DOI: 10.1016/50960-8524(01)00158-4

Li C., Zheng C., Fu H. et al. 2021. Contrasting detoxi-
fication mechanisms of Chlamydomonas reinhardtii under Cd
and Pb stress. Chemosphere 274: 129771. DOL: 10.1016/j.
chemosphere.2021.129771

Mustapa M., Sallehudin N.J., Mohamed M. et al. 2016.
Decontamination of Chlorella sp. culture using antibiotics and
antifungal cocktail treatment. ARPN Journal of Engineering
and Applied Sciences 11(1): 104-109.

Napan K., Teng L., Quinn J.C. et al. 2015. Impact of heavy
metals from flue gas integration with microalgae production.
Algal Research 8: 83-88. DOI: 10.1016/j.algal.2015.01.003

Oladimeji T.E., Oyedemi M., Emetere M.E. et al. 2024.
Review on the impact of heavy metals from industrial waste-
water effluent and removal technologies. Heliyon 10(21):
€40370. DOI: 10.1016/j.heliyon.2024.e40370

Radmann E.M., Camerini F.V., Santos T.D. et al. 2011.
Isolation and application of SO_and NO, resistant microalgae
in biofixation of CO, from thermoelectricity plants. Energy
Conversion and Management 52: 3132-3136. DOI: 10.1016/j.
enconman.2011.04.021

Singh H.M., Kothari R., Gupta R. et al. 2019. Bio-
fixation of flue gas from thermal power plants with algal
biomass: overview and research perspectives. Journal of
Environmental Management 245: 519-539. DOIL: 10.1016/j.
jenvman.2019.01.043

Subramanian S., Sayre R.T. 2022. The right stuff; realiz-
ing the potential for enhanced biomass production in microal-
gae. Frontiers in Energy Research 10: 979747. DOI: 10.3389/
fenrg.2022.979747

Tastan B.E., Duygu E., Atakol O. et al. 2012. SO, and NO,
tolerance of microalgae with the help of some growth stimu-
lators. Energy Conversion and Management 64: 28-34. DOI:
10.1016/j.enconman.2012.05.019

Wang H., Zhang P. 2021. Emission characteristics of
PM, heavy metals, and dioxins in flue gases from sintering
machines with wet and semi-dry flue gas desulfurization sys-
tems. Environmental Science and Pollution Research 28(34):
46089-46099. DOI: 10.1007/s11356-020-11500-w



https://doi.org/10.1016/j.crmicr.2021.100081
https://doi.org/10.3390/en14082260
https://doi.org/10.3233/ATDE210324
https://doi.org/10.1111/ppl.12950
https://doi.org/10.3390/ijerph18031037
https://doi.org/10.1002/sim.7983
https://doi.org/10.3390/app14188551
https://doi.org/10.4491/eer.2020.391
https://doi.org/10.1016/j.mimet.2020.105890
https://doi.org/10.1016/j.mimet.2020.105890
https://doi.org/10.1016/j.jenvman.2022.115648
https://doi.org/10.1016/s0960-8524(01)00158-4
https://doi.org/10.1016/j.chemosphere.2021.129771
https://doi.org/10.1016/j.chemosphere.2021.129771
https://doi.org/10.1016/j.algal.2015.01.003
https://doi.org/10.1016/j.heliyon.2024.e40370
https://doi.org/10.1016/j.enconman.2011.04.021
https://doi.org/10.1016/j.enconman.2011.04.021
https://doi.org/10.1016/j.jenvman.2019.01.043
https://doi.org/10.1016/j.jenvman.2019.01.043
https://doi.org/10.3389/fenrg.2022.979747
https://doi.org/10.3389/fenrg.2022.979747
https://doi.org/10.1016/j.enconman.2012.05.019
https://doi.org/10.1007/s11356-020-11500-w

Algae: Problems of Taxonomy and Ecology,
Galieva G.Sh. et al. / Limnology and Freshwater Biology 2026 (4): 420-436 Use in Monitoring and Biotechnology

Wang Q., Wang X., Hong Y. et al. 2022. Microalgae cul-
tivation in domestic wastewater for wastewater treatment
and high value-added production: species selection and com-
parison. Biochemical Engineering Journal 185: 108493. DOI:
10.1016/j.bej.2022.108493

Zhang B., Wu J., Meng F. 2021. Adaptive laboratory evo-
lution of microalgae: a review of the regulation of growth,
stress resistance, metabolic processes, and biodegradation
of pollutants. Frontiers in Microbiology 12: 737248. DOIL:
10.3389/fmicb.2021.737248

Zhao B., Liu W., Wang X. et al. 2024. Emission char-
acteristics and removal of heavy metals in flue gas: a case
study in waste incineration and coal-fired power plants.
Environmental Science and Pollution Research 31(6): 8883—
8897. DOLI: 10.1007/s11356-023-31678-z

427


https://doi.org/10.1016/j.bej.2022.108493
https://doi.org/10.3389/fmicb.2021.737248
https://doi.org/10.1007/s11356-023-31678-z

BOOOPOCHU.' I'Ip06l'leMbl maKCcOHOMUU U 3Kosiocuu,

Limnology and Freshwater Biology 2026 (4): 420-436 DOI:10.31951/2658-3518-2026-A-4-420 ucronb308aHuUe 8 MOHUMOPUHee U buomexHonoauu

OpuruHanbHan craTbf

LIMNOLOGY
FRESHWATER
BIOLOGY

M

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 MuKpoBogopocien (Chlamydomonas sp., Chlorococcum sp., Edaphochlamys debaryana, Chlorella
sp., Chlamydomonas moewusii, Chlorella vulgaris u Spongiosarcinopsis sp.), BeigesleHHbIX B 2024 r. u3
Pa3JIMYHBIX BOJOEMOB U ToBepxHOCTel Pecry6sinku TatapceraH, Kk cBuHiy (Pb), kagmuio (Cd), SO, n
NO,, ¢ nesbio or6opa HanboJiee TOJIEPAHTHOrO MITaMMa [1JiA JajibHENIIeN pa3paboTKK B KAUECTBE KaH-
aujaTa-cekBecTpaTopa yrijiepoaa. Mecra orbopa mpo6 xapaktepusoBaiuch mo pH (6,4-8,0) u cnek-
TPajibHOMY KO2(GQUIMEHTY NOrJiomeHus (BETHOCTh BoApl). 3HaueHus EC,, omnpenesi€éHHbE 110 KpU-
BBIM «703a-3¢ddekT», coctaBuiau ot 31,1 mo 238,5 mr/n ansa Pb u ot 8,3 mo 176,3 mr/n ais Cd, B
OOJIBIIMHCTBE C/Iy4yaeB IIpeBhIasg JMTepaTypHble 3HaUeHUs AJIA TeX e WU POACTBEHHBIX TaKCOHOB.
YyscTBUTEIBHOCTD K 50 ppm SO, 1 50 ppm NO, GbL1a HU3KOH y BCEX U30JIATOB, Toraa kak 100 ppm NO,
u 100 ppm NO, BbI3BIBAJI 3HAYMMOE UHTMOMPOBaHKE POCTA y TPEX U MATHU U30JIATOB COOTBETCTBEHHO.
BanpHas oleHKa, oObeAUHANIIAA ToJepaHTHOCTh K Pb, Cd u rasam, onpegnenwia Chlorella vulgaris
(n307AT 14) Kak HITaMM C HaWIYyYNIMMH ITOKa3zaTesAMHU B LesoM (35 u3 MakcuMaJibHBIX 36 6asjioB),
COYETAMMINI HAWBBICHIYI0 TOJIEPAHTHOCTH K Pb, GJIM3KYyI0 K MaKCUMAaJIbHOU ToJiepaHTHOCTh K Cd u
IIOJIHYI0 TOJIEPAHTHOCTH 10 BCEM MPOTECTHPOBAHHBIM T'a30BBIM ycJjoBUAM. IlojlydueHHBIE pe3yJibTaThl
MO3BOJIAIOT pekoMeHAoBaTh Chlorella vulgaris B KauecTBe OCHOBHOTO KaHAW/AaTa CPeAu HCCJIENOBaH-
HBIX U30JIATOB AJiA AaJIbHEHIell OlleHKH B crcTeMax KyJIbTHBHPOBaHHUA MHUKPOBOAOPOCIIEH Ha OCHOBE
JABIMOBBIX ['a30B 1 CTOYHBIX BOJ.

Kiouegbie c/106a: MUKpOBOJOPOC/IU, TOJIEPAHTHOCTD K TAKEBIM 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. Beeaenune (Chlorophyta) paccMaTpuBamTCA KaKk OCOOEHHO mep-

CIIEKTUBHBIEC CEKBECTPATOPHI yrjiepoJa, IOCKOJIbKY OHU

CwMmsAryeHre l'IOCJ'IeJ:[CTBI/Iﬁ N3MEHEHMA KJIMMaTa
CTUMYJIMPOBAJIO aKTUBHOE pa3BUTHIE TEeXHOJIOTUN yJjiaB-
JIMBAHUA WU XpaHEHHA yrjiepoaa - OT IeOJIOTM4YeCKOro
XpaHE€HUA C.O2 A0 METOJ0B OMoJIOruYecKou CEKBeCTpa-
oum. CPEJII/I MMOCJIEAHUX 3eJI€HbIe MHKPOBOOOPOCIIN

HakKanJuBalT OMoMacCy 3HAYUTEJIbHO ObICTpee Ha3eM-
HBIX PACTEeHUI: B ONTHUMAaJIbHBIX YCJIOBUAX MUKPOBOO-
pocyu npeo6pa3yloT COJIHEUHYI0 SHepruim B 6momaccy
B HECKOJIBKO pa3 3¢ dexTrBHee Ha3eMHBIX KYJIbTYp U
JecoB - OjarofjapsA OTCYTCTBHIO He()OTOCHUHTE3Upy-
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BOOOPOCHU.' ﬂpOﬁfleMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

oell CTPYKTYPHOUM TKaHM, BO3MOXHOCTH KPYIJIOTO-
JAUYHOTO POCTa U BBICOKO3(DEKTUBHBIM MeXaHU3MaM
koHuentpupoBanusa CO, (Subramanian and Sayre,
2022). Orta 6oJiee BeICOKasi MPOAYKTUBHOCTh B cOYeTa-
HUU CO CIOCOOHOCTHIO MHMKPOBOJOPOCJIEN ycBauBaTh
CO, HemocpeACTBEHHO U3 KOHIEHTPUPOBAHHBIX MOTO-
KOB TPOMBIIIJIEHHBIX OBIMOBBIX r'a30B JAejlaeT UX Ipu-
BJIEKATeJbHBIMU KaHOuAaTaMu JiA OHOJIOTUYECKOTO
yJIaBJIMBaHUSA yIrjlepojia U3 MPOMBIIIIEHHBIX BHIOPOCOB,
JOMOJIHAA [PeuMyIIecTBEHHO (QU3UKO-XUMUUecKue
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 CKUTaHNEe MCKONaeMoro
TOIL/IMBA Ha TEIJIOBBIX 3JIEKTPOCTAHLUAX U JPYTUX MPO-
MbliIeHHBIX o0bekTax (IEA, 2025). [lepeHanpasiieHue
Jaxe HeOOJIBIION AOJIM 3TUX BBIOPOCOB Ha NMPOU3BO-
CTBO OHMoOMacchl 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 cTpaTervueil IOBHIIIe-
HUsA SKOHOMHUYECKOH IiejlecooOpa3HOCTU yJjiaBJIvBa-
HUA yrjepoJa Ha OCHOBE MUKPOBOJOPOCTEN ABJIeTCs
coueTaHHe KCIOJIb30BaHUA JIBIMOBBIX I'a30B C IpHMe-
HEeHMeM YaCTUYHO OYMINEeHHbIX (HeJOOUMIIIeHHbIX)
KOMMYHAaJIbHBIX WJIU NPOMBIIIJIEHHBIX CTOYHBIX BOJ B
KauecTBe cpelbl KyJIbTUBHUPOBAHUSA, IMOCKOJIBKY CTOY-
Hble BOJ[bl OMHOBPEMEHHO obecIeynBaloT a3oT, Gocdop
U MHUKPO3JIEMEHTHI, HeoOXoquMble JJIsi pocTa MUKPO-
BOJIOpOCJIel, CHUXasl MPU 3TOM 3aTpaThl Ha Tpaaullu-
OHHYI0 TPETHYHYIO OYHUCTKY 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 Kak 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, HapAOY
C Mepl0 U PTYThIO, YaCTO OOHApPYXKUBAIOTCA B IOBHI-
MIeHHBIX KOHILIEHTPAIMAX B IMPOMBIIIJIEHHBX CTOYHBIX
BOJIaX rajibBaHUYeCKUX, TOPHOAOOBIBAOINX, KOXXeBEH-
HBIX, aKKyMYJIATOPHBIX U MeTaslyIoo6pabaThIBaOLIINIX
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npou3sBojicTB (Oladimeji et al., 2024). Oxcufp! cepsl U
asora, B CBOI0 oUepellb, 06pa3yoTcs IrJIaBHBIM 00pa3oM
IPU CXUTaHUM KCKOIAeMOro TOIUIMBA HAa TeILJIOBBIX
3JIEKTPOCTAHIUAX U B BBHIXJIONAX ABTOTPAHCIOPTA; UX
IPUCYTCTBUE B JBIMOBBIX rasax fBJIAeTCs IPU3HaH-
HBIM OrpaHuyuBaIyM ¢pakropom 6uodpukcanuu CO,
MUKPOBOZOPOC/IAIMU. DTU BelllecTBa, Kak ObUIO IOKa-
3aHO, MOTyT Ji160 MHIUOUpOBATh, JINOO, B 3aBUCUMO-
CTHU OT KOHI[EHTpAIU U IPOAOJDKUTEIBHOCTH BO3 Ieli-
CTBUS, CTUMYJIIPOBATh poCT BomopocJeii (Singh et al.,
2019; Tastan et al., 2012).

[TosTOMYy AJIs1 MPAaKTHUYEeCKOro Pa3BUTHA TEXHO-
JIoTU#l ylaBjvMBaHUA yIjiepoAa Ha OCHOBE MUKPOBO-
Jopocyell I1esecoobpa3sHO ONMpPAThCS He TOJBKO Ha
IMIIPOKO UCIOJIb3yeMble jabopaTopHble pedepeHCHBIE
IITAaMMBI, HO U Ha PerroHajIbHble IITAMMEI, eCTeCTBeH-
HBIM 00pa3oM afJanTHpPOBaHHEIE K MECTHBIM YCJIOBUAM
OCBeIEHHOCTH, TeMIIEPaTypel M Ce30HHOCTU. Takas
ajanranys MoOXeT NOBHIIaTh 3G(EeKTUBHOCTh KYJIb-
THUBUPOBAHUs B OTKPBITHIX YCJIOBUSAX, JaXe HECMOTPS
Ha TO, YTO KpyIHOMacIITabHoe KyJIbTUBUPOBaHUE OCY-
ImecTBJIsAeTCsA, KaKk MUHUMYM, B YaCTUYHO KOHTPOJIU-
pyemsbix ycimoBusx (Cheregi et al., 2019; Subramanian
and Sayre, 2022). COOTBETCTBEHHO, GUOMPOCIEKTHUHT
M BBbIJleJIeHHe HOBBIX, JIOKaJIbHO aJalTHPOBAaHHBIX
IITAMMOB MUKPOBOZOPOCJIEH € BRICOKUM IIOTEHINATIOM
ceKBecTpaluy yriepofja OCTAéTcs BaXXHBIM HarpabJiie-
HueM uccaenopannii (Lee et al., 2022).

B (pycJie 3TOro NoAxo/a) CBA3U ¢ 3TUM UHCTUTYT
OUOTEeXHOJIOTUY, 3KOJIOTMH U IPHUPOJIONOJIb30BAHUA
Kazanckoro ¢efepajpHOro yHUBEpCUTETA IPOBOAUT
JIOJITOCPOYHYI0 paboTy IO BBHIJJEJIEHUI0 U XapakTe-
pUCTHKe IITaMMOB MMKPOBOIOPOCJIeH, OOHTAIIIX
B 30He YMepeHHOro KjuMarta LeHTpaJibHON Poccum.
B pesynpraTe ObUIa cO3[jaHA My3eliHas KOJUIEKIIMS
3b}eKTUBHHX IITAMMOB-CEKBECTPATOPOB YIJIEpOAa.
Crnenyromuii 3Tan 3Toii paboTe - 0oTO6Op cpefu MOJIy-
YeHHBIX IITAMMOB-CEKBECTPATOPOB TeX, KOTOPhIe code-
TalOT BEICOKYIO 61IOMAacCONpOAYKTUBHOCTD C TOJIEPAHT-
HOCTBI0O K TOKCUKAHTaM, NPUCYTCTBYIOIIUM B cpenax
KyJIbTUBUPOBAHUsA Ha OCHOBE IOBIMOBBIX I'a30B U CTOY-
HBIX BOJ. IIOCKOJIBKY TOJIEpAaHTHOCTh MUKPOBOJIO-
pocJiell K TsDKEIBIM MeTajlylaM Y KUCJIBIM TasaM, Kak
M3BECTHO, 3HAUMTEJIBHO BapbUpyeT MeXIy poJaMu U
Jlaxke BHYTPU HUX, [O3TOMY BO3MOXEH HaIpaBJIEHBIN
JTabopaTOPHBIN CKPUHUHT U 0T6Op mTaMmoB (Zhang et
al., 2021; Abinandan et al., 2021; Bashir et al., 2021;
Li et al., 2021).

Llesnpio HacTOsAMEN paboThl ABJIAJICA OTOOP cpenu
JIeBATYU IITaMMOB MUKPOBOAOPOCJIEli, BbIIeJIEHHBIX U3
Pa3JIMYHBIX BOJOEMOB U C PA3JIMYHBEIX IIOBEPXHOCTEH B
Pecny6iuke Tatapcrad B 2024 r., KyJbTyp, HauboJsiee
TOJIEPAHTHBIX K TsokéneM MetasiaMm (Pb, Cd) u kuc-
JIBIM ra3aM (SOZ/NOX).

2. MaTtepuanbl 1 MEeTOADI
2.1. U3onAuMA WTaMMoOB
MHUKPOBOAOPOCAEH

JeBATh ITAaMMOB MHKPOBOJIOPOCJIEH, MpOaHa-
JIN3UPOBAHHBIX B HACTOSAIIEM HCCIIENOBAHUM (M30JIATHI
Ne 1, 4, 6, 9, 10, 13, 14, 15 u 16), ObIM IOJTyYeHBI
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B 2024 r. U3 pa3JIMYHBIX IPECHOBOJHBIX BOJIOEMOB U
noBepxHocTel Ha Tepputopun Pecriybsinku TarapcTaH,
Poccus (Tabsnura 1). OT6op npob NOBEPXHOCTHBIX BOJ
nposogunu B coorBerctBun ¢ I'OCT 17.1.5.05-85;
HITaMMBl BBIJEJIAIN B MOHOKYJIBTYPY Ha TBepAou (2%
arap) cpefie TamusA myTeM MHOIOKpaTHOIO IlepeceBa U
BBIIeJIEHUA OTHAEJIbHBIX KOJIOHHH, NeKOHTaMHHAaLUIO
MIPOBOAWJIY IO aHTHOAKTepUaIbHOU - (YHTHIUIHOMN
cxeMme Mustapa et al. (2016).

2.2. YCAOBUA KYABTUBUPOBAHUA

CKpHHUHT IITaMMOB IIPOBOJMJIV Ha TN TATeJIbHON
cpefie, COMOCTAaBUMOM O yCJIOBUAM C 60raTbiMu OHO-
TFeHHBIMU 3JIeMeHTaM{ CTOYHOH BOJAe - KOMIJIEKCHOM
rpaHyIMpoBaHHOM ynoOpeHunu «depTuka YHUBepcal»
(5 r yno6penus pacteopsiiu 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 ocBereHuu
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 (ycyioBus - Kak B paszese 2.2) B cepuu
koHuenrpauui PbCl, mwm 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 MHrHOMpOBaHUA B 3Ty CEPHUI0 TOTOBUJIU
JIOIIOJIHUTEJIbHBIE IIpOMeXyTOYHble/pacliipeHHbIe
pasBenenus). MHrubupoBaHue pocTa pacCUMTHIBAIN
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 MTaMMOB (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 KaueCTBe UCTOYHUKA YIJIepoJa
U KoHTposieM 06e3 rasa (ToJjibko Bo3ayx). Yepes 10
cyTok mHrubuposaHue pocra (OD620, cnektpodoTo-
MeTp 721NVIS) u EC, | onpeaesisig Kak ONKUCaHoO BhILIE.

2.4. Onpepenenue pH v UBETHOCTH BOAbI

pH npo6 BoAb! N3MepsAINd NOTEHIIMOMEeTpUYeCKU
¢ momomipio noHoMerpa AHHWOH-410 (Mudpacnak-
Ananut, Poccus) B cootrBetcTBruHU ¢ ISO 10523:2008, ¢
PYTUHHOI KaJIMOPOBKOHM MO CTaHAAPTHHIM OydepHBIM
pacTBopam.

LIBeTHOCTh BOABI ONpeAesATd METOJOM CIIeK-
TpaspHOro kosdduuueHrta norsomeHus (SAC) nmo DIN
EN ISO 7887:2011, mo onTuhueckoi IJIOTHOCTU IpHU
436, 525 u 620 HM (kooBeThl 1 cM, GJTaHK — AUCTUJI-
JinpoBaHHas Boma) kak SAC(A) [M']=2,303 xA(N) / d
(d=0,01 m).

2.5. UpenTudoukauua wWITaMmmoB

ITaMMBI UIeHTUPUIIPOBAIU MeTOZOM
cekBeHUpoBaHUs 1o CiHTepy aMIUIMKOHOB MapKep-
HBIX ydyacTkoB (Hab6op BigDye Terminator v3.1 Cycle
Sequencing Kit; kanusisapHEIl 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 He3aBHCHUMBIX TOBTOPHOCTAX. CpeiHNUe 3HaUeHN,
CTaHAapTHOe OTKJIOHEHHWe M CTaHJapTHYIO OIIKOKY
paccuuThiBajIy MO JaHHBIM IOBTOpHOCTeH. Pasnmnuusd
MeXxJy BapHaHTaMH BO3AENCTBUA U KOHTPOJIEM Olle-
HHMBaJIU ¢ TOMoIIbi0 KpuTtepus ManHa-Yutau (Happ et
al., 2019).

3. Pe3ynbTarthbl
3.1. XapakrepucTuka Touek otbopa npo6:
pH M UBEeTHOCTb BOADI

JeBATp Touek oT6opa mMpod, U3 KOTOPHIX OBLIU
MOJTyYeHbl IPOAHAJIM3UPOBAHHBIE B HACTOAIIEM HCCJIE-
JOBaHUU ILITaMMBI MHKpoBogopocieii (Tabmuma 1),
OXBaTBIBAJIM PsAJ MPECHOBOOHBIX MECTOOOUTAHUM Ha
Tepputopun Pecrybsiku TatapcTaH, BKJIIOYas JBe

(a) pH Toyek oTdopa

peku (Bonra, Kazanka), mats o3ep (lllanxaii, MapsuHo,
Ypuukoro, Hrxuuii Kaban u ozepo B napke [Tobensi),
MPOMBIILJIEHHBIN HUPKYJIAIUOHHBIA KaHaJl, SBJIAIO-
[UiicsA 4acThl0 cUcTeMbl cOpoca oxjaxAarwlleid BOJbI
TOIl, ¥ cTOAUYI0 apTe3UaHCKYyl BOAY, HaKOMUBIIYIOCA
B XeJie3HOU 6ouke. pH U IIBETHOCTh BOZBI B KaXxJON
TOUKe IpeJicTaBjieHbl Ha Pucynke 1(a,0).

3HaueHuss pH Bo Bcex TOYKax BapbHUpOBAIU
oT 6,4 (6ouka) go 8,0 (o3epo B mapke IloGenpr), T.
e. OT OJIM3KUX K HeUTpaJbHBIM O CJIAOOIIeT0UHBIX
(Puc. 1a), yTo COOTBETCTBYeT THUIMYHBIM 3HAaUYE€HUAM
71 IPECHOBOAHBIX BOJIOEMOB YMePEHHO KJIMMaTuie-
CKOI 30HBI pervoHa.

LIBeTHOCTP BOJIBI, BhIpaXkeHHAasl KakK CIeKTpaJib-
HBIH K03 duiment morsomenus (SAC, m™) mpu 436,
525 u 620 aMm (Puc. 16), 6puta Huskoil (SAC<16 m?
Ha BCeX TpeX JJIMHAX BOJIH) B IIECTU U3 JeBATU TOUYeK
(n3omatel 4, 6, 9, 10, 14 u 15), uTo ykaspiBaeT Ha
HHU3KOe cojepXaHhe OKpalleHHOTO0 pacTBOPEHHOIO
OpPraHMYEeCcKOro BelllecTBa. B [IByX TOukax OTMeUeHBI
3aMeTHO IOoBbIIeHHble 3HaueHNs SAC: mpoba U3 peku
Bouirn (SAC436=136,3 m'!, npu GoJiee HU3KKUX 3HAYE-
HUAX Ha 525 1 620 HM - 5,1 1 3,9 M! COOTBETCTBEHHO)
u npoba u3 6ouku (SAC436=90,1, SAC525=96,0,
SAC620=73,9 M), mpuyéM MOCJIEJHSASA JEMOHCTPHPO-
BaJjia MOBBIIIEHHOE MOIJIONIeHe BO BCEM HU3MepeHHOM
crleKTpajbHOM AuanasoHe. I[Ipoba u3 oszepa Ilanxait
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Ne u307siTa / TOYKa oT6Gopa

Puc.1. Xapakrepucruka Touek or6opa mnpob AjA AeBATH MITaMMOB MUKpoBojopoceil: (a) pH; (6) 1iBeTHOCTh BOJBI, BEIpa-
JKEHHAA KaK CIIEKTPaJIbHbIN KoahdurueHT noriomenns (SAC, m™) npu 436, 525 u 620 um (DIN EN ISO 7887:2011).
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(n3osAT 1) mokaszajia yMepeHHbIlM, CPaBHUTEJIBHO PaB-
HomepHbIr SAC (3,5-16,1 M'). OTu pe3ynbTaThl corja-
cyioTcs ¢ 6oJiee BBICOKHUM cofiepkaHieM B3BellleHHOTO
U/WUNN PacTBOPEHHOrO (B TOM HKCJIEe OKpalleHHOro)
BelllecTBA B KPYMHOHN JIOTUYeCKOM cucreMe (peka
Bousra) u B 3aCTOMHOM, IOJITO CTOsIBIIEN BOJie B 3aKPHI-
TOU MeTaJJIM4ecKOoll MKOCTU COOTBETCTBEHHO; IMpaK-
TU4YecKu oAnHaKoBbIM SAC Ha BcexX TPEX NJIMHAaX BOJIH
AnA npoOsl U3 OOYKHU, B OTJIMYME OT CUJIBHO 3aBUCHA-
m1ero OT AJIUHBI BOJIHBI SAC npo6s! 13 Boaru, gonoyiHu-
TeJIbHO yKa3blBaeT Ha KaueCTBEHHO Pa3JIMUHBIN COCTaB
OKpallleHHOT'0 PacTBOPEHHOI'O OpPraHUYecKoro Bellle-
cTBa. B mepBoM ciiyuae - coeJuHEeHNsA C MINPOKOIOJIOC-
HBIM TOTJIONIeHWeM 0e3 SBHOIO MakCUMyMa B CHUHell
objacTy, BO BTOPOM - I'yMyCONOJOOHbIE BelllecTBa C
XapaKTepHbBIM MaKCHMYMOM IIOTJIOIMIEHUsI B KOPOTKO-
BOJIHOBOM J[Maria3oHe.

3.2. TorepaHTHOCTbL U3ONATOB
muxkposoaopocaen K Cd u Pb

3nauenus EC,, mna Cd u Pb, onpenenénnsie
JUIS KaXI0T0 U3 [IeBATU M30JIATOB, MIpe/CTaBJIeHH Ha
Pucynke 2. TojepaHTHOCTh K 060MM MeTajuiaM 3Ha-
YUTEJIBHO BapbUpoBajia MexAay usosiaramu. i Pb
snauenus EC,, BapbupoBamu ot 31,1 mr/n (u3osAt
1, Chlamydomonas sp.) mo 238,5 mr/n (uz3ossar 14,
Chlorella vulgaris) - npuGAN3UTENIBHO 7,7-KpaTHBIN
nuanasoH. Jna Cd snauenus EC,, BappupoBanu ot 8,3
mr/na (u3onar 6, Edaphochlamys debaryana) no 176,3
mr/n (u3omAart 4, Chlorococcum sp.) - NpUOTU3UTETHHO
21-KpaTHBII AUanas3oH.

Nzomat 14 (Chlorella vulgaris) codetan HauBbIC-
mee 3Havenue EC,) mo Pb co cpaBHUTE/IbHO BBHICOKMM
snayennem EC, no Cd (129,7 mr/i), 4TO [esiaeT ero
Haubosee ToJiepaHTHHIM K Pb/Cd uzonsroMm B nesom.
W3onsaT 4 (Chlorococcum sp.) mokasaj HauBEICIIee 3HA-
uyenne EC,) mo Cd (176,3 mr/y) Hapsgy €O CpaBHHU-
TeJIbHO BBICOKUM 3HaUeHUEM EC50 o Pb (113,7 mr/m).
Hamnpotus, usonar 6 (Edaphochlamys debaryana) u u3o-

JaT 13 (Chlamydomonas moewusii) moKasajau OOHU U3
cambIx Hu3KuX 3HaveHnd EC,  mo oboum MeTasiam
(Cd: 8,3 u 17,5 mr/m; Pb: 56,2 u 34,1 Mr/j1 coOTBET-
CTBEHHO), YTO YKa3bIBAET Ha CPABHUTEJIBHO BBICOKYIO
UX 4YyBCTBUTEJIbHOCTb. Y Bcex usoiAToB EC, ) mo Pb
TpEeBhIIIaIo0 COOTBETCTBYyIomee 3HaveHne EC,  no Cd,
YTO corjacyercs ¢ 6ojiee HU3KOM TOKCUYHOCTHIO Pb mo
cpaBHeHUI0 ¢ Cd, 0GBIYHO OMUCHIBAEMON IJIS 3€JIEHBIX
MHKPOBOZOPOCJIE.

3.3. YyBCTBMTEAbLHOCTb K AMOKCHAY Cepbl U
OKCHAAM a3oTa

UyBCTBUTEJIBHOCTh [EBATU WM30JIATOB K SO, U
NO, oueHuBan¥ MpY UCIBITATEIbHBIX KOHIIEHTPALUAX,
BBIOpaHHBIX B IIpefieslax Auana30oHoB, UCI0JIb30BaHHBIX
Lee et al. (2002) mna Chlorella sp. KR-1 (SO,, 0-150
ppm) u Radmann et al. (2011) gy1a ycroiumBbix k SO /
NO, mukposogopocieitr (NO,, 30-100 ppm): 50 u 100
ppm NO_, 50 ppm SO, u 100 ppm NO,. Kak u B 3TUX
pedepeHCHBIX UcciieOBaHUAX, U30JIATH KIacCuUIn-
poBaJI, HA OCHOBAaHUU POCTa OTHOCUTEJIbHO KOHTPOJIA
6e3 rasa (kputepuii MaHHa-YUTHU), KAK HETOKCUYHBIE
(nt - oTcyTCTBHE CTAaTUCTUYECKH 3HAYMMOI'0 MHIMOMPO-
BaHNA pocTa) WM TOKCUYHEIE (t - CTaTUCTUYeCKU 3Ha-
YrMOe MHTUOUpOBaHNe) IPU KaXION HCIbITaTeIbHON
koHIeHTpauuu (Tabiuna 2).

[Tpu GoJsiee HU3KUX HCNBITATEJIBHBIX KOHIIEHTpa-
musx - 50 ppm NO_wu 50 ppm SO, - Bce O€BATH MU30-
JIATOB OBUIM KJIacCU(UIMPOBAHBl KaK HETOKCHUYHEBIE,
YTO yKa3blBaeT Ha HMIMPOKYI0 OOIIyI0 TOJIEPaHTHOCTD K
000MM MOJUIIOTAaHTaM IIPU 3THX YPOBHAX, CONOCTaBU-
MYIO C TOJIEPAHTHOCTHIO, onricaHHou s Chlorella sp.
KR-1 mpu HU3KMX U YMEpPEHHBIX KOHUeHTpauusax SO,
(Lee et al., 2002) u qJ14 YCTONYUBBIX K SO,/NO, mram-
MOB Ipy KOHIeHTpauuax <60 ppm SO, (Radmann et
al., 2011).

CnenuduyHasa [Ajd U30JIATOB UYyBCTBUTEJIb-
HOCTb NposABUJIACh NpU OoJiee BBICOKUX HCIIBITATesIb-
HBIX KOHIeHTpanusax. [Ipu 100 ppm NO_ Tpu usosisTa

Tosnepanraocrs (ECsp) mramMmoB mukpoBogopocieu Kk Cd u Pb

250 1

200 1

150 A

ECso (Ml'/]I)

100 A

50 1

Ll

1 4

10 13 14 15 16

Ne m3onsiTa

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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Ta6una 2. UyBCTBUTEIBHOCTD AEBATH IITAMMOB MUKPOBogopocieit Kk SO, u NO, (nt - HETOKCMYHO, OTCYTCTBHE 3HAYMMOTO
WHTrUOMPOBAaHUA POCTa OTHOCUTEJIbHO KOHTPOJIA 6e3 rasa; t - TOKCMYHO, CTaTUCTHUYEeCK! 3Ha4lMMoe MHruO1poBaHue pocTa, Kpu-

Tepuii MaHHa-YUTHH).

Ne n3osiata| TakcoHOMHYeCKas MPUHALJIEXHOCTh 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

- 6 (Edaphochlamys debaryana), 13 (Chlamydomonas
moewusii) u 15 (Spongiosarcinopsis sp.) - mokasaju
CTAaTUCTUYECKN 3HAYMMOe WHTruOmpoBaHue pocra (t),
TOT[a KaK OCTaJibHbie IIeCTh H30JIATOB OCTaBaJIUCh
HETOKCUYHBIMU, YTO MMOMEIN[AET OPOT 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) 6buTN KITaccnuduUIUpPO-
BaHbl KaK TOKCHYHbBIE, TOTJAa Kak uyeThipe usoJjiAaTa (6,
10, 14 u 16) ocTaBaMCh HETOKCUYHBIMU. M30J1ATH 10
(Chlorella sp.) u 14 (Chlorella vulgaris) 61111 HETOKCHY-
HBIMU TIPYU BCEX KCIBITATEJIbHBIX KOHIIEHTPAI[UAX, YTO
corJlacyeTcss CO CpaBHUTEJIbHO BBICOKOU TOJIEPAHTHO-
ctbio k SO /NO , panee onucaHHO# 471 popaa Chlorella
(Lee et al., 2002; Radmann et al., 2011); nzosuarsr 13
u 15 okazanuce HanuboJIee MHUPOKO YyBCTBUTEIbHBIMU,
MMOKa3aB TOKCHMYHOCTb KakK TP MOBHIIEHHBIX KOHIIEH-
Tpanusax NO , Tak u NO,,.

4. 06cy)xpenune
4.1. CpaBHeHue TonepaHTHOCTH KPbu Cd ¢
AUTEpPaTyPHbLIMH AQHHbIMHM

3navenus EC_, mo Pb, noyy4eHHsle B HACTOAIEM
uccienoanuu (31,1-238,5 mr/m; Puc. 2), y 601bIINH-
CTBa U30JIATOB OKA3aJIMCh BhIlIe 3HAUEHHN, OTIMCAHHBIX
B JIUTepaType AJA TeX Xe WU OJIM3KOPOICTBEHHBIX
takcoHOB. Iy Chlorella vulgaris (u3osar 14) 3Haue-
nue EC,, mo Pb (238,5 mr/;i) mpesbicuI0 AManasoH
48,4-73,2 mr/m, onucaHHbii aJ1s aToro Buzga (Expodsito
et al., 2021), B 3,3-4,9 pasa, a snauenue EC, no Cd
(129,7 mr/n) npeBbicuiio AuanasoH 0,9-7,5 mr/Ji, onu-
caHHbIil Ay C. vulgaris (Hussain et al., 2021; Expésito
et al., 2021), 6osiee yeM Ha nOpsAgOK. Cxoxas KapTUHA
Habmofanace aus usonara 10 (Chlorella sp.: EC,, mo
Pb=137,3 mr/n, EC_, no Cd=101,7 mr/n). Takas cre-
MeHb PACXOXAEHUs C OMyOJMKOBAaHHBIMU 3HAYEHUSAMU
EC,, nna pona Chlorella yxaspiBaeT 1u60 Ha HEOOBIYHO
BBICOKYI0 COOCTBEHHYIO TOJIEDAHTHOCTh 3THUX JIBYX
U30JIATOB, JUOO Ha BJIUSHUE 3KCIEPHMEHTAJIbHBIX
daktopoB (coctaB cpefp, pH, MTPOJOIKUTETHHOCTH
SKCITO3UINH), HE MOJHOCTHI0 COTMOCTABHUMBIX MEXOY
KCCJIeJOBaHUAMU, U JOJDKHA BOCIPUHUMATBCS C OCTO-
POXHOCTBIO [J0 HE3aBHCHUMOTO TOITBEPXKAEHUS.
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s rpynnet Chlamydomonas (u3omste 1,9, 16
C. moewusii, 130J1AT 13) cOOTBETCTBUE JINTEPATYPHEIM
snavenuaMm EC_, ny1a pepepencroro Buaa C. reinhardtii
(Pb: 19,99-29,48 mr/m; Cd: 12,48 mr/m; Li et al., 2021)
0Ka3aJIoCch 3HAUYUTEJIbHO OoJiee OIU3KUM. 3HaudyeHU:
EC,, mo Cd s nzosaTos 1 1 9 (11,41 u 12 mr/n coort-
BETCTBEHHO) OBLIM MPAKTUYECKU UAEHTUYHBI JIUTEpa-
TypHOMY 3HaueHuIo 11 C. reinhardtii, Tora Kak 3Have-
nusA EC_ 1o Pb a1 Tex xke usosaros (31,1 u 76,1 mr/m)
OXBaTHIBAJIM €0 WM YMEPEHHO MpeBHIMaan. MU30/AaT
13 (C. moewusii) nokasan 3navenus EC,  no Pb u Cd
(34,1 u 17,5 mr/mn), qocTaTtovyHo OJIU3KHE K OPUEHTUPY
C. reinhardtii. W3onat 6 (Edaphochlamys debaryana),
JUIST KOTOpOro BHocmenudUYHas JIUTepaTypa OTCYT-
cTByeT, nokasaj sHayenne EC_ no Cd (8,3 mr/n), 651u3-
Koe K opueHTupy C. reinhardtii, NcrioJb30BaHHOMY KaK
Ompkaiimuil GuiioreHeTUYECKUI aHaJIOT, U 3HaUYeHue
EC,, no Pb (56,2 mr/), npumMepHO BJIBOE MPEBLIIAI0-
1ee 3TOT OPUEHTHP.

KonnuectBennsle mauneie EC,, B JuTepa-
Type OTCYTCTBYWOT 1 Chlorococcum (uzomnar 4) u
Spongiosarcinopsis (130541 15); equHCTBeHHas 3HauU-
Mas onyOJMKoBaHHas uHdopwmaisa mist Chlorococcum
- KauecTBeHHOe HabJoieHre o ToM, uto Chlorococcum
dorsiventrale nmepenocut Bo3sneiictBue Cd, Cr(VI) u Pb
0e3 moTepu XMU3HECIIOCOOHOCTHU B TeueHHe 14 cyTok
(Hmani et al., 2024), 4To 1o KpaiiHeil Mepe MO HANpaB-
JIEHHOCTHM COTJIaCyeTCsi CO CPaBHUTEJbHO BbICOKMMU
snavenuaMu EC, o Pb u Cd, o6HapyxeHHbIMU 37€Ch
niis usoyATa 4 (113,7 u 176,3 Mr/j1 cOOTBETCTBEHHO -
HauBebIciee 3HayeHue EC, 1o Cd cpenu Bcex NIeBATU
uzosiAaToB). EC,  u paccmatpuBath 3HaueHus EC,  mo
OTAEeJIbHOCTHY, HauboJlee TOJIepaHTHBIM K Pb okazamcs
nzosiat 14 (Chlorella vulgaris, 238,5 mr/i1), a Haubosee
tosepadTHBIM K Cd - uzosar 4 (Chlorococcum sp., 176,3
Mr/ ).

4.2. CpaBHeHHe YyBCTBUTEAbHOCTH k SO,/
NO_c AuTepaTtypHbIMH AQHHBIMMU

ToT (daxT, 9TO BCce OEBATh U30JIATOB OKA3aJIUCh
HeTokcnuHbiMU (nt) mpu 50 ppm NO_wu 50 ppm SO,
CorjacyeTcs ¢ TOJIEPAHTHOCTBIO YCTOMYMBBIX K SO /
NO, mrammos Chlorella vulgaris x SO <60 ppm u
NO, <100 ppm, omucanHoii Radmann et al. (2011),
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a Takxe ¢ ymepeHHBIM (=25%) UHrUOHMpPOBaHUEM
pocta, onucaHHbIM Lee et al. (2002) mya Chlorella sp.
KR-1 mpu conocraBumoi KoHuenTpanuu SO, (60 ppm).
Pe3yspTaThl IOKa3aM, YTO POCT CHIKAJICA, HO He M0JI-
HOCTBIO NTOAABJIAJICA IPU 3TUX KOHILIEHTpaIUAX Jaxe Y
60Jiee YyBCTBUTEJIBHBIX IITAMMOB HACTOAIIEro KcCJIe-
JIOBaHUsI, BCJIEACTBUE Yero HU OOUH U3 HUX He JOCTUT
[Iopora 3Ha4MMOCTH, UCIIOIB30BAHHOTO JJIA KJ1accudu-
KallMM IMITaMMa KaK TOKCHUYHOro (t).

I[Ipu Gosee BBICOKMX KOHUeHTpauusax NO_ (100
ppm) u NO, (100 ppm) mosB/ieHHE TOKCUYHOCTU Yy
4acTu 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) HaGsroganu nepexon
OT TOJIEpPAaHTHOCTU K uHrubuposaHuio (30-100 ppm
NO,). TlosiyyeHHble pe3ysIbTaThl TaKXkKe COTJIACYHOTCsA
¢ maHHbeIMHM Lee et al. (2002), mokasaBHIMMU KOHIIEH-
TPaI[MIOHHO-3aBUCUMOe CHIDKeHUe CKOPOCTH pOCTa
Chlorella sp. KR-1 mpu yBeJWYeHWU KOHI[EHTPALNU
SO,. Hsomarel 10 (Chlorella sp.), 14 (Chlorella vulgaris)
u 16 (Chlamydomonas sp.) ocTaBaJIiCh HETOKCUYHBIMU
IIPU BCEX YETHIPEX UCIBITATEIbHBIX YCJIOBUAX. J{J1sd ABYX
u30JATOB Chlorella 310 coryiacyercsi coO CpaBHUTEJIBHO
BBICOKOI TOJIEPAaHTHOCTBIO K SO /NO_, onvcaHHOM 1715
3Toro poaa B oboux pedepeHCHHIX HCCJIeTOBAHUSX,
TOTJ]a KaK CTOJIb JKe II0JIHAs TOJIEPAaHTHOCTh U30JIATa
16 (Chlamydomonas sp.) IpsAMO He MOATBEPXKIAETCS,
HO U He IIPOTUBOPEYUT JIMTepaType, IOCKOJIbKY HU Lee
et al. (2002), vu Radmann et al. (2011) He usydyanmu
Buasl Chlamydomonas. Takum o6pa3zom, u30sATH 10,
14 u 16 okasanuce Haubosiee TojepaHTHHIMU K SO /
NO, mrammamu, T. €. PaBHO3HAYHBIMU IO TOJIEPAHT-
HOCTH K razam.

4.3. KomnaeKcHas OLLeHKA TOAEPAHTHOCTH
M BbIGOp HaMAyuLLero wramma

Jlna BeiOOpa H30JIATa, COUYETaIlero HauBbIC-
IIy10 OOIIYI0 TOJIEPAHTHOCTDh K TSKEJIBIM MeTajljlaM U
KUCJIBIM Ta3aM, Oblj1a puMeHeHa OaslyibHasA Mpoleaypa
oreHku. I kaxgoro metajuia (Pb, Cd) meBATh n30Jis-
TOB ObL/TM PAHXUPOBAHHI 110 3HaUeHuto EC, , 4To mo3Bo-
JIWJIO TIOJIYYUTH IeJIOYMCJIEHHBIN 6a or 1 (HauMmeHb-
wee 3HaveHue EC,, T. e. HauGoJiee 1yBCTBUTEIBHBIN/
HauMeHee TOJIEPAaHTHHIN M30JIAT) 00 9 (HauboJibliee

snauenue EC,, Hanbosiee TOJEPAHTHBINA MU30JIAT), Ge3
coBmaZleHuH. J[J1A KaXXJOoro M3 YETHIPEX YCJIOBUH ra3o-
Boro BozfeicTBus (50 ppm NO,, 100 ppm NO,, 50 ppm
SO,, 100 ppm NO,) uzosiAT nosyyan 4,5 Gajia mpu
KJlaccudukanum Kak HeTOKCUYHBIHN (nt) 1 1 6ast - kak
ToxkcnuHbH (t) (Tabsuia 2). UToroesii 6aI ajisa Kax-
JIOTO M30JIATa PACCYUTHIBAJIA, KAK CYMMY €ro 6aJijioB
o Pb, Cd u yeThIpéx 6aioB mo razaMm (MakKCUMaJIbHO
JOCTUKUMBIN UTOT =9+ 9+ 4 X 4,5=36); pe3yJsbTaThl
0606mmeHs B Tabsmre 3.

Nzomar 14 (Chlorella vulgaris) HaGpasi HauBbIC-
muit uTorosbiii 6am (35,0 U3 TeopeTU4ecKoro Makcu-
MyMa 36), coueTas HaWBBICIIME PAHT TOJEPAHTHOCTU
K Pb (9), 6;1u3kuii K MaKCUMaJIBHOMY PaHI' TOJIEPAHT-
Hoctu K Cd (8) 1 moJIHy0 TOJIEpaHTHOCTH (nt) MO BceM
YeThIPEM YCJIOBUAM ra3oBoro Bosfaelicreus. Uzosar 10
(Chlorella sp.) 3aHs1 BTopoe MecTto (33,0), TakXe C MOJI-
HOU TOJIEPAHTHOCTBIO K Tra3aM, HO HECKOJIbKO 6oJiee
HU3KUMU padramu 1o Pb u Cd. UzouaT 4 (Chlorococcum
Sp.) coueTajyl eqUHCTBEHHBIII HAWBBICIIMN paHT ToJle-
paaTHocTH K Cd (9) c BeicOkMM paHrom mo Pb (7),
OJIHAKO ero UToroBbiil 6ama (30,5) ObLT CHIKEH M3-3a
ToKcuyHOCTH 1ipu 100 ppm NO,. Ha 3TOM ocHOBaHUU
nu3onAt 14 (Chlorella vulgaris) onpeiesi€éH KaK MTaMM C
HAWJIYYIIUMU MTOKA3aTEJAMU B L[€JIOM C TOYKU 3PEHUA
KOMILJIEKCHOW TosiepanTHOCTH K Pb, Cd, SO, u NO_, u
PEKOMEH/IOBAH B KaueCTBe OCHOBHOTO KaHIWJaTa IJiA
JasbHENeN OIeHKN B KauecTBe IITaMMa-CeKBeCTpa-
TOpa yrjaepoja, MpeqHa3HAYeHHOro Ui KYJIbTUBUPO-
BaHMA Ha IUTATEJIbHBIX BellleCTBaX JBIMOBBIX ra3oB U
CTOYHBIX BOJI, B YCJIOBHSX, MCCJIEJOBAHHBIX B HACTOS-
el pabore.

5. 3akniouenue

JeBATh pernoHaJbHbIX MITAMMOB MHUKPOBOAOPO-
cieii u3 Pecniybiuku TaTtapcTadH mokasajiyd HIUPOKYIO
Bapuanuio TojepaHTHocTu K Pb, Cd, SO, u NO,: 3Ha-
uenus EC,) mo Pb u Cd oxsaTeiBayM JuanasoH MOYTH
Ha NOPANOK U y OOJIBIIMHCTBA M30JIATOB IpEeBBIIIAIN
JIUTepaTypHble 3HaUeHNs, OMKMCAHHbBIE AJIA TeX Xe WU
POZCTBEHHBIX TAaKCOHOB, XOTS 3TO pacXOXJeHHe cJie-
JyeT TMOATBEPAUTh He3aBUCUMBIMU OuoTecTamu. Bce
MU30JIATHl TePeHOCUJI HauMeHbIINe WCIbITaTeJIbHbe
koHueHTpauuu SO, u NO,, Torma xak crenupuvHas

Ta6simua 3. BajtbHas olleHKa TOJIEPAaHTHOCTHU JIeBATH ITaMMOB MUKpoBofopoceii k Pb, Cd, SO, u NO, (Pb, Cd: 1 =mnaubto-
Jiee YyBCTBUTEJIbHEIH, 9 = HanboJlee TOJIEpPAHTHBIN; Ta30BbIe YCI0BUA: 4,5 = HeTokcuyHO (nt), 1 = TokcuyHO (t)), paHXHUPOBaHHBIE

110 UTOTOBOMY Oasiiy.

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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[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 (u3osAat 14) Kak mTaMm C HaUBBICIIEH
obmiell TOJIEPAaHTHOCTBIO K MCCJIENOBAHHBEIM TOKCHU-
KaHTaM, 32 KOTOPHIM € HeGOJIBIINM OTPBIBOM CJIeAyeT
Chlorella sp. (u3ossaT 10); 0o6a MPEB3OLLIN OCTAJb-
Hble M30JIATH, BKJIIOYAs ABa APYIUX IITaMMa M3 pona
Chlamydomonas, KOTOpBI€ MOKA3aJI1 TOJIHYIO TOJIe-
PaHTHOCTH K razam, HO 60jiee HU3KYI0 TOJIEPAHTHOCTh
K MeTajulaM. DT pe3yJIbTaThl I03BOJIAIOT peKOMeH10-
BaTh Chlorella vulgaris B xauecTBe OCHOBHOI'O KaHU-
JaTta AJid AajibHediell pa3paboTKU B KauecTBe IITaM-
Ma-ceKBecTpaTopa yrjiepoja, npegHa3HAueHHOTO IJIA
KYJIPTUBUPOBAHUS Ha IPOMBIIIJIEHHHIX JBIMOBBIX ra3ax
Y YaCTUYHO OYMINEHHBIX CTOYHBIX BOJIaX B YCJIOBUSAX
Pecny6siuku Tatapcras. JanbpHelmasn paboTa JoJDKHA
BKJIIOYATh IOATBEPXAEHNE CPAaBHUTEJBHO BBICOKHX
sHavenuii EC ) mo MeTasiaM He3aBUCUMBIMU OHOTe-
CTaMU, pacliipeHle TeCTUPOBAHU ra30Bol ToJIepaHT-
HOCTH Ha 0oJiee MMPOKUI AMaNa3oH KOHILeHTpaluil u
60JIBIIYI0 IPOJOJIKUTEIBHOCTD 3KCIO3UIIMK, a TaKXe
OLleHKy OGHOMAacCONPOAYKTUBHOCTU U CHOCOGHOCTU
K ¢ukcanqun CO, 0TOGPaHHOIO WWITaMMa B yCJIOBUAX
[MJIOTHOTO KYJIbTUBUPOBAHUS Ha JBIMOBBIX rasax u
CTOYHBIX BOJIAX.
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