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Abstract

The Murmansk Region (the Russian Arctic) faces severe environmental degradation due
to heavy metal (HM) pollution from copper—nickel smelting, resulting in vast industrial
barrens with elevated concentrations of copper (Cu) and nickel (Ni). Conventional phytosta-
bilization methods are often ineffective or costly, necessitating alternative bioremediation
strategies. This study evaluates the potential of microalgae and cyanobacteria for reveg-
etating HM-contaminated substrates. Six strains of Nostoc-like morphotypes and three
green microalgae were tested for Cu?* tolerance (0.5-15 mg/L). While most strains exhib-
ited growth inhibition at >3 mg/L Cu?*, Atlanticothrix sp. KPABG-154445, isolated from
Tolbachik Volcano, showed positive growth at 2 mg/L Cu?" under the tested conditions
and recovering metabolic activity post-exposure. In sorption experiments, non-viable
biomass achieved 68% Cu?* removal at 2 mg/L, outperforming actively growing cultures.
A microcosm experiment using copper-spiked nepheline slime (simulating mining waste)
revealed Atlanticothrix sp. KPABG-154445's ability to colonize nutrient-poor substrates,
forming biocrusts covering 42% of the surface within one month, even under Cu?* contam-
ination (10 mg/kg). These findings highlight cyanobacteria, particularly strains such as
KPABG-154445, as promising agents for the bioremediation of Arctic industrial barrens,
leveraging their dual capacity for heavy metal tolerance and biocrust formation.
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1. Introduction

The rapid expansion of industrial activities has escalated heavy metal (HM) pollution
to a critical environmental challenge. These toxic elements accumulate in biological systems,
inducing physiological disruptions and posing significant threats to ecosystem integrity
and human health [1]. The Murmansk Region, situated in the Russian Arctic, exemplifies
this issue due to its high industrialization levels. As the region’s economic cornerstone,
mineral extraction and processing—particularly non-ferrous metallurgy—have profoundly
impacted central Murmansk’s ecosystems. The copper—nickel production complex operated
by Kola Mining and Metallurgical Company (JSC) in Monchegorsk represents a primary
pollution source, emitting substantial HM loads through its ore processing and metal
refining operations.
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Continuous smelter emissions since the 1950s have created an expansive industrial
barren surrounding Monchegorsk, with documented soil HM concentrations reaching
extreme levels [2—4]. Numerous studies have documented the effects of heavy metal
deposition on ecosystems in this region [5-14]. Extensive research has characterized the
ecological consequences of this pollution, including a complete forest ecosystem collapse
in immediate impact zones, total eradication of ground vegetation [15], and formation of a
200 km? industrial desert [16]—among the world’s largest affected areas [17].

Additional remediation measures are necessary in heavily contaminated areas due to
the soil’s high toxicity and elevated HM concentrations.

In the Murmansk Region, the primary remediation strategy for contaminated and
waste sites involves phytostabilization—cultivating plants to immobilize contaminants [18].
However, large areas remain untreated due to the prohibitive costs of current technologies
or extreme substrate toxicity.

A key challenge in reclaiming waste heaps is their adverse physicochemical properties:
low organic content, poor water retention, and persistent HM contamination, all of which
hinder natural vegetation recovery. Given these constraints, exploring heavy metal-resistant
microalgae and cyanobacterial strains for slag and barren soil revegetation presents a
promising alternative.

Native communities dominated by cyanobacteria and microalgae represent the most
promising candidate pool for the initial stages of industrial barren remediation [19]. Owing
to their unique combination of photosynthesis and molecular nitrogen fixation, these
organisms rank among the most widespread and ecologically significant primary producers
in the Murmansk region’s ecosystems [20-22], and they are capable of colonizing bare
substrates. Moreover, the formation of cyanobacterial extracellular matrices promotes
biofilm development and substrate stabilization.

The ability to colonize nutrient-poor substrates containing high concentrations of HMs
imposes stringent species selection requirements, necessitating the identification of suitable
strains for remediation technology development.

Cyanobacteria possess two key characteristics that make them particularly valuable
for bioremediation applications: (1) rapid growth and scalability for mass cultivation,
and (2) efficient biomass production for substrate inoculation. Their frequent occurrence
in metal-contaminated environments likely stems from evolved mechanisms for metal
accumulation and intracellular detoxification [23-33].

Therefore, this study aims to screen microalgae and cyanobacterial strains for copper
tolerance and to evaluate their potential for the bioremediation of contaminated Arctic
substrates. The specific tasks include: (1) determining copper tolerance thresholds among
nine strains; (2) selecting the most promising strain; (3) assessing its copper sorption
capacity; (4) testing its ability to colonize nepheline sand and form biocrusts under copper
contamination; (5) substantiating microalgae and/or cyanobacteria as promising agents for
the remediation of industrial barrens.

2. Materials and Methods
2.1. Research Objects and Microbial Strains

The study focused on microalgal strains from two collections. Green algae Scenedesmus
sp., Microthamnion sp., and Monoraphidium sp. were obtained from the Microorganism
Ecology Laboratory of the Institute of North Industrial Ecology Problems. These strains
were identified based on morphological characteristics. Six cyanobacterial strains Nosfoc-
like morphotypes were provided by the Polar-Alpine Botanical Garden-Institute culture
collection (KPABG) (https:/ /isling.org/cyano, accessed on 30 June 2026) (Table 1).
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Table 1. Strain collection with isolation sources and environmental conditions.

Taxon Substrate Collection Site Conditions
Murmansk Region,
Monchegorsk
Scenedesmus sp. Soil Municipal District, Mt. Contaminated !
Nyuduayvench
(67.901259° N,
32.933299° E)
Monoraphidium sp. Soil Same as above Contaminated
Murmansk Region,
Zapolyarny. Impact
. . . zone of .
Microthamnion sp. Soil Pechenganickel Plant Contaminated
(3 km) (69.409786° N,
30.800459° E)
Kamchatka Peninsula,
Alanticothrix sp. Fumaroles on T(?cl)lrjlz(;hrllle:a\ﬁoflljfr?;oslle;g Naturally enriched
KPABG-154445 altered basalt (55.696201° N,
160.245077° E)
Atlanticothrix s Calcium-rich Same location as above
KPABG. 1544 42" o (55.70919° N, Naturally enriched 2
160.275547° E)
Antarctica,
Nostoc s Schirmacher Oasis,
KPABG- 610p (')1 0 Soil Novolazarevskaya Background 3
Station (70.76258° S,
11.78061° E)
Nostoc sp. . .
KPABG-610054 Soil Same location as above Background
Murmansk Region,
Nostoc sp. Salnye Tundry Ridge
KPABG-610016 Bedrock (68.13249° N, Background
31.28249° E)
Murmansk Region,
Apatity Thermal
Nostoc sp. .
KPABG-4176 Slag Power Plant ash dump Contaminated

(67.598548° N,
33.473342° E)

! Contaminated—sites impacted by industrial emissions. 2 Naturally enriched—sites with high total Cu?* in
rocks (>300 mg/L) from volcanic activity (e.g., Tolbachik slag cones). ® Background—natural baseline Cu?*
levels without anthropogenic input; Cu?* is tightly bound in minerals (e.g., stream water <1 mg/L), exerting no
sustained metal stress on the tested strains.

The media, stock solutions, and glassware were sterilized by autoclaving at 0.5 atmo-
spheres overpressure for 30 min. The glass flasks used for culturing in media with elevated
copper concentrations were additionally treated with a 10% nitric acid solution to remove
trace amounts of metals.

Before the experiment, the cultures were transferred into flasks containing 50 mL of
Z8 liquid medium [34]. The cultures were maintained under artificial illumination with
a 16:8 light:dark photoperiod, at a temperature of 22 °C, and a light intensity of 35 pmol

2 1

photons m™ s

https:/ /doi.org/10.3390/phycology6030091


https://doi.org/10.3390/phycology6030091

Phycology 2026, 6, 91

40f19

For the toxicity test, a microalgae culture one month after subculturing was used.
Sterile 100 mL flasks were filled with 50 mL of medium containing different copper con-
centrations. Inoculation was performed under aseptic conditions by adding 1 mL of algal
inoculum (108-10° cells/mL) to the test solution.

A copper concentration gradient (ranging from 0.5 to 15 mg/L, calculated as copper
ions) was prepared by adding different volumes of a stock solution obtained by dissolving
300 mg of CuSO4-5H,0 per liter of distilled water to the nutrient medium.

In the first phase of the experiment, strain responses were tested at concentrations
of 3-15 mg/L, while in the second phase, the range was 0.5-2 mg/L. The experiment
was conducted in duplicate. A sterile medium without copper sulfate addition served as
the control.

Survival capacity was assessed after one month based on three combined criteria:
(1) increase in visible biomass (reproductive ability); (2) growth recovery after copper
removal and subculturing in fresh Z8 medium (to exclude bacteriostatic effects); (3) chloro-
phyll autofluorescence (a viability indicator) [35]. Chlorophyll fluorescence was detected
after exposure using an Olympus CX-41 microscope (Olympus, Hachioji, Japan) equipped
with a ProgRes CT3 camera (Jenoptik, Jena, Germany). Morphological changes were moni-
tored using an AxioScope Al microscope (Carl Zeiss, Jena, Germany) equipped with an
Olympus DP23 camera.

The data were converted into a binary format. Binary conversion was based on the
three combined criteria stated above. A strain was scored “+” only if all three replicates
were positive.

2.2. Determination of Sorption Capacity

The selected strain was cultivated in liquid Z8 medium containing copper concentra-
tions ranging from 0.01 to 2 mg/L. The experiment was conducted in triplicate. Following
the one-month growth period, 9 mL aliquots of culture medium were aseptically transferred
to sterile plastic centrifuge tubes. Biomass was harvested by centrifugation at 5000 g for
6 min. The resulting supernatant was collected for subsequent metal analysis. Copper ion
concentrations in the supernatant samples were quantified using graphite furnace atomic
absorption spectrometry (GFAAS) with electrothermal atomization. Measurements were
performed on a Shimadzu AA7000G spectrometer (Shimadzu Corporation, Kyoto, Japan)
in accordance with Russian standard analytical method PND F 14.1:2:4.140-98 (“Measure-
ment of metal content in water and wastewater by atomic absorption spectrometry”). All
analytical procedures were conducted at the Shared Research Facilities Center of the Kola
Science Centre, Russian Academy of Sciences.

Percentage removal efficiency (%R) were calculated using the following equation:

Co—C
%R = - % 100
Co

where: Cyp—initial concentration of heavy metal (mg/L); C/—final concentration after
adsorption (mg/L).

2.3. Cultivation in Microcosms with Nepheline Sand

To assess the ability of cyanobacterial strains to colonize nutrient-deficient techno-
genic substrates characteristic of industrial barrens, an experiment was conducted using
processing wastes from apatite-nepheline ore production.

The beneficiation tailings represent fine-grained fractions (0.10-0.25 mm) containing
~59% nepheline (Na3K(Al;SigO15)), ~7.7% aegirine (NaFe**(SiyOg)), and ~7.6% natrolite
(Na2A12513010 X Z(HZO)) [36].
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The nepheline sand was collected from the tailings of apatite—nepheline ore processing
at the Apatite-Nepheline Beneficiation Plant II. Petri dishes (90 mm diameter) were filled
with sterilized nepheline sand mixed with copper sulfate to achieve the following copper
ion concentrations: 2, 3, 4, and 10 mg/kg of dry sand weight. After drying and evaporation
of excess moisture, 2.5 mL of the strain Atlanticothrix sp. KPABG-154445 suspension
(0.4 mg dry weight) was inoculated. The experiment was conducted in triplicate, with
uncontaminated sand serving as the negative control.

Cyanobacterial cultures were grown under controlled artificial illumination condi-
tions (as specified in the previous section) for a duration of one month. Throughout the
experimental period, the cultures received periodic hydration with sterile distilled water
according to the following irrigation schedule: the first week, 5 mL of aliquots adminis-
tered twice a week (on Mondays and Thursdays); the second week, 2.5 mL of aliquots
administered twice weekly; subsequent weeks, 1 mL of aliquots administered twice a week
until the end of the experiment. The substrate was maintained in a moist condition, and
the total irrigation volume did not exceed the average monthly precipitation of the target
field site, ensuring that the proposed technology would be viable under natural conditions
without additional water input.

Following the cultivation period, comprehensive photographic documentation of the
biocrust formations was obtained using a Canon EOS 5D Mark III digital camera system
(Canon, Tokyo, Japan). The acquired images were subsequently processed and analyzed
using Adobe Photoshop CS5 software (Adobe Inc., San Jose, CA, USA) to quantitatively
assess biocrust growth dynamics and development patterns.

Following digital image analysis, we obtained measurements of the total surface
area of the Petri dish, as well as the area covered by cyanobacterial biofilm. Both values
were recorded in pixels. The percentage of surface colonization was calculated using the
following formula:

Colonization percentage = (Biofilm area/Total dish area) x 100

Statistical analysis was performed in the R programming language using the Posit
Cloud environment (https:/ /posit.cloud/ accessed on 30 June 2026). The data were first
checked for normal distribution using the Shapiro-Wilk test and for homogeneity of vari-
ances using Levene’s test. Variance analysis was then conducted using one-way ANOVA.
When significant differences were found, the Tukey HSD post hoc test was applied. All
tests were performed with a 95% confidence interval.

3. Results
3.1. Selection of Copper Concentrations and Strain Tolerance Screening

Tolerance to varying copper concentrations was assessed in nine microbial strains,
comprising three green algae and six cyanobacterial isolates of Nostoc-like morphotypes,
all obtained from terrestrial ecosystems (Table 1).

Exposure to elevated copper ion concentrations (3-15 mg/L) exerted a pronounced
inhibitory effect on microalgal development (Table 2). Growth was completely suppressed
in all tested strains, with no observable recovery following subculture in copper-free
medium, suggesting irreversible cellular damage. This finding was further corroborated by
fluorescence microscopy, which detected a complete loss of chlorophyll autofluorescence—
and, consequently, photosynthetic activity—in treated samples.

https:/ /doi.org/10.3390/phycology6030091


https://posit.cloud/
https://doi.org/10.3390/phycology6030091

Phycology 2026, 6, 91 60of 19

Table 2. Growth response of microalgal strains to copper exposure in liquid culture.

Cu?* Concentration, mg/L

Taxon
0 0.5 1 2 3 6 9 15
Scenedesmus sp. +1 nd.? n.d. n.d. - - - -
Monoraphidium sp. + n.d. n.d. n.d. - — - -
Atlanticothrix sp. KPABG-154446 + -3 — — — — — —
Atlanticothrix sp. KPABG-154445 + — — + — — — -
Nostoc sp. KPABG-610010 + — — - — — — -
Nostoc sp. KPABG-610054 + — - - — — — -
Nostoc sp. KPABG-610016 + — — - - — — -

Nostoc sp. KPABG-4176 + — — — — _ _ _

1 “+” indicates visible growth after four weeks of incubation. 2 “n.d.” indicates not determined. 3 “—” indicates
no visible growth. Growth was assessed based on three criteria described in Materials and Methods.

All studied strains exhibited significant morphological changes when exposed to
3 mg/L copper compared to control conditions, including reduced cell volume and partial
or complete pigment loss. In Microthamnion sp. (Figure 1a,b), surviving cells displayed
protoplast-wall separation, with cellular remnants surrounding the damaged structures.
Scenedesmus sp. (Figure 1c,d) showed particularly severe copper-induced damage, likely
attributable to combined osmotic stress and cellular dehydration [37].

Figure 1. Morphology of microalgae strains cultivated under high copper concentrations: (a) Mi-
crothamnion sp., control sample; (b) Microthamnion sp. exposed to 3 mg/L Cu?* after one month of
cultivation; (c) Scenedesmus sp., control sample; (d) Scenedesmus sp. exposed to 3 mg/L Cu®* after
one-month exposure. Scale bar = 10 pm.

Cyanobacterial strains exhibited comparable sensitivity to copper exposure. The strain
Atlanticothrix sp. KPABG-154446 (Figure 2) demonstrated progressive cellular degradation
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across all tested copper concentrations. While the overall colony morphology was main-
tained due to the protective mucilaginous sheath, microscopic analysis revealed substantial

cellular damage with progressive loss of structural integrity. Partial staining of cellular
contents was noted at 15 mg/L.

(b)

Figure 2. Morphology of cyanobacteria Atlanticothrix sp. KPABG-154446 strain cultivated under high
copper concentrations: (a) control (no copper treatment), (b—e) copper treatment at concentrations of
3,6,9, and 15 mg/L, respectively. Scale bar = 10 um.

The strain Atlanticothrix sp. KPABG-154445 (Figure 3) demonstrated distinct morpho-
logical responses to different copper concentrations. Exposure to 3 mg/L Cu?* induced
the formation of disorganized cell clusters, while at 15 mg/L Cu?*, the cells-maintained
dimensions comparable to the control and retained their filamentous thallus structure.

These observations informed the design of subsequent experiments, which examined
lower copper concentrations (0.5-2 mg/L) and included a broader range of cyanobacterial
strains (Table 2).

Several strains of Nostoc-like morphotypes (KPABG-4176, KPABG-610010, KPABG-
610016, KPABG-154445, and KPABG-154446) exhibited limited biomass accumulation at
copper concentrations of 1-2 mg/L. However, all strains displayed evident stress symptoms
by the experimental endpoint and failed to resume growth upon transfer to copper-free
medium. Among the tested strains, Atlanticothrix sp. KPABG-154445, isolated from fu-
marolic environments of Tolbachik Volcano (Kamchatka), demonstrated positive growth
at 2 mg/L Cu?*. Growth resumption within the medium was observed three months
post-experiment (Figure 4). The strain maintained under initial conditions for 10 months
exhibited persistent pigmentation (Figure 4b).

https:/ /doi.org/10.3390/phycology6030091
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Figure 3. Morphology of Atlanticothrix sp. KPABG-154445 strain: (a) control (no copper treatment);
(b) 3mg/L Cu?* concentration; (c) 15 mg/L Cu?* concentration. Scale bar = 10 pm.

Figure 4. Morphology of the copper-adapted strain Atlanticothrix sp. KPABG-154445: (a) culture after
1 month of growth in medium containing 2 mg/L copper; (b) culture after 10 months of growth in
medium with 2 mg/L copper; (c) control: culture after 1 month in BG-11 medium without copper
supplementation. Scale bar = 10 pum.

Microscopic examination of Atlanticothrix sp. KPABG-154445 revealed that cell in-
tegrity was maintained under copper exposure. At 2 mg/L Cu®* (Figure 4), the strain
exhibited morphological adaptations primarily characterized by reduced cell size, along
with moderately decreased proliferative capacity, while viability was sustained.
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The strain required three months to attain visible growth throughout the entire
medium volume, whereas the control culture achieved a comparable density within one
month under identical conditions.

3.2. Copper Removal Efficiency by Atlanticothrix sp. KPABG-154445 Strain

To determine the strain’s sensitivity, its viability was evaluated on media containing
copper concentrations ranging from 0.01 to 2 mg/L over one month. Following this cultiva-
tion period, residual copper content in the solution was measured, enabling quantitative
assessment of the strain’s sorption capacity.

Notably, at lower concentrations (0.01-0.5 mg/L), the culture demonstrated normal
growth comparable to control samples. However, at the maximum tested concentration
(2 mg/L), growth was observed in only one of three replicates, indicating the strain’s
tolerance threshold. This allowed comparison of copper removal efficiency between viable
and non-viable biomass at 2 mg/L copper (Figure 5).

E - .

+

50

Removal Percentage (%)
40

— .
8 | |
(-
3\
2 e
——
I I I I
0.01 0.05 05 2

Cu concentration (mg/L)

Figure 5. Comparative copper removal efficiency by biomass of Atlanticothrix sp. KPABG-154445
strain from Z8 medium. Values represent mean percentage of Cu?* removed after one-month
exposure (n = 3). Red notches indicate samples with dead biomass.

Maximum copper sorption (68 & 1.6%) occurred in samples containing 2 mg/L where
no culture growth was observed, while actively growing cultures at lower concentrations
(0.01-0.5 mg/L) showed significantly lower metal removal rates (7.3—40% respectively).

Given its demonstrated stress tolerance, the Atlanticothrix sp. KPABG-154445 strain
was selected for subsequent experiments involving nepheline sludge revegetation.
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3.3. Formation of Fouling on Nepheline Sand

One of the promising methods for stabilizing mobile fine-grained nepheline sludge
involves the formation of biological soil crusts (biocrusts) using cyanobacteria. Capable
of active surface growth, cyanobacteria stabilize the substrate through exopolysaccharide
production that binds sand particles, thereby increasing resistance to wind erosion.

In this study, we evaluated the Atlanticothrix sp. KPABG-154445 strain for addressing
two interconnected objectives: (1) testing its capacity for surface colonization of nepheline
slag to prevent dust formation, and (2) assessing biocrust resistance to chemical pollutants
characteristic of industrial waste deposits. Copper sulfate (10 mg/L Cu®* equivalent)
served as a model contaminant.

The Atlanticothrix sp. KPABG-154445 strain demonstrated substantial colonization
potential on nepheline sand substrates. Under humid conditions, active biomass growth
over one month resulted in coverage of up to 42% of the dish surface containing copper-
contaminated sand, as determined by image analysis (Figure 6). Cyanobacterial colonies
developed in all replicates, with coverage metrics indicating successful adaptation to the
nepheline sand’s specific chemical composition (Table 3). Notably, copper sulfate supple-
mentation showed no statistically significant growth inhibition. Conversely, sustained

biomass production confirmed the strain’s tolerance to this contamination level.

Figure 6. Atlanticothrix sp. KPABG-154445 crust on the nepheline sand bed materials: (a) 10 mg/kg
Cu?* concentration; (b) 0 mg/kg Cu?* concentration.

Table 3. The percent of square of Atlanticothrix sp. KPABG-154445 crust on the nepheline sand bed
materials at different Cu>* concentrations.

Cu?* Concentration, mg/kg of Dry Sand Average Fouling Area, % £ SD
0 (control) 34.79 4+ 14.63
2 40.1 £4.36
3 32.06 &+ 5.27
4 39.99 £ 4.47
10 42.27 £5.47
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4. Discussion
4.1. Summary of Key Findings

Copper was chosen as the model toxicant because it is generally regarded as more
toxic to cyanobacteria than nickel, and therefore likely constitutes the primary limiting
factor for microbial growth in polymetallic-contaminated sites [38—40]. Although metal
mixtures may occasionally exert synergistic or antagonistic effects [41,42], screening against
the most restrictive metal offers a conservative foundation for evaluating strain tolerance.

The selection of copper ion concentrations for strain testing was based on established
regulatory standards. According to Kuznetsov et al. [43], the maximum permissible copper
concentration in soils, accounting for various toxicity indicators, is 3.0 mg/kg. The World
Health Organization (WHO) has been studying HM impact on human health on regular
basis based on which WHO have already ascertained toxicity threshold limits for copper
in 2.0 mg/L and the U.S. Environmental Protection Agency in 1.3 mg/L [27]. However,
field measurements in the study area have revealed significantly higher copper levels: up
to 29.87 mg/kg in soil samples [6] and up to 1.688 mg/L in percolation water [12]. In
the present study, we examined copper concentrations ranging from 0.5 to 15 mg/L to
encompass both environmentally relevant and elevated exposure scenarios.

Copper (Cu) is an essential micronutrient for microalgae and cyanobacteria, where
it functions as a cofactor in key proteins involved in photosynthesis and antioxidant de-
fense [44,45]. However, at elevated concentrations, Cu becomes toxic, exhibiting algicidal
effects by disrupting metal homeostasis and inducing oxidative stress via the produc-
tion of reactive oxygen species (ROS) [46]. Due to the considerable morphological and
physiological diversity within the Cyanobacteria and green algae, the thresholds for Cu
deficiency or toxicity vary considerably among strains. For instance, the reproduction rates
of most cyanobacteria are reduced at cupric ion activities above 1072 M (approximately
6 x 107> mg/L), whereas most eukaryotic algae maintain maximum reproduction rates
at 107! M (approximately 6 x 10~* mg/L). For unicellular cyanobacteria, concentrations
of 0.032-0.064 mg/L represent the threshold for metabolic impairment [47]. Studies have
demonstrated that exposure within this range induces pronounced oxidative stress and
disrupts electron transport in photosystem II. Approximately 0.635 mg/L Cu?* constitutes a
critical threshold for filamentous and nitrogen-fixing cyanobacteria (e.g., Nostoc muscorum).
While filamentous forms are generally more resistant due to their mucilaginous sheaths,
concentrations at this level have been shown to decrease chlorophyll-a content by ~38%,
degrade phycobiliproteins, and suppress nitrogenase activity [48].

These two microbial groups were selected due to their contrasting adaptive strategies
to heavy metal exposure. Green algae have evolved specialized systems for intracellu-
lar Cu storage, efficiently sequestering the metal in vacuoles, mitochondria, and chloro-
plasts [49,50]. In contrast, cyanobacterial metabolism demonstrates particular sensitivity to
membrane integrity, which serves as a primary target for reactive oxygen species [51]. These
organisms also differ in their exudation of metal-complexing ligands, where cyanobacteria
uniquely produce strong siderophores like hydroxamates and schizokinen primarily for
iron acquisition but which also complex other toxic metals, whereas green algae typically
excrete weaker organic acids and ligands, with siderophore production being less common
or emphasized [52]. In the cyanobacterium Synechococcus sp., rapid cellular uptake of heavy
metals has been observed, with significant Cu absorption occurring within the first minute
of exposure, followed by slower uptake over the next 15-20 min [24,53]. This kinetic pattern
reflects the involvement of two distinct mechanisms: a rapid initial phase, attributed to
passive biosorption onto the cell surface, and a slower subsequent phase, corresponding to
active intracellular accumulation. Although we did not directly measure these processes,
this biphasic behavior is consistent with the general model of metal interaction with micro-
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bial cells [54]. Additionally, Synechococcus sp. can efflux internalized Cu, likely to maintain
homeostasis and counteract its toxicity [24].

Cell growth, being intrinsically linked to metabolic activity, is commonly employed to
assess heavy metal toxicity as it integrates multiple essential processes like photosynthesis,
respiration, and nutrient uptake [55]. The observed growth inhibition at concentrations
exceeding 3 mg/L Cu?* aligns with established literature findings. For Desmodesmus sp.,
exposure to 2 mg/L Cu®* at pH 4 significantly affected photosynthetic pigments, while
a tenfold concentration increase (20 mg/L) caused markedly pronounced inhibition [56].
Exposure of Scenedesmus sp. cultures to copper solutions at concentrations of 0.16 and
0.64 mg/L for 48 h resulted in concentration-dependent growth inhibition, which per-
sisted without recovery during the 12 h period after transfer to the original copper-free
medium [55]. The freshwater green alga Monoraphidium arcuatum exhibited even greater
sensitivity, demonstrating 50% growth inhibition at 0.0011 mg/L Cu?* [40]. The toxic
effects of metals principally arise from their affinity for protein sulfhydryl groups, which
can lead to either structural denaturation or the replacement of vital cofactors [57].

Overall, the documented sensitivity to copper supports the use of copper sulfate at
concentrations of 0.25-2 mg/L as an algaecide for controlling algal growth in water bod-
ies [58]. These concentrations effectively suppress phytoplankton development. However,
higher doses—despite their pronounced algicidal effect—are not a viable solution due to
the substantial ecological risks they pose to aquatic ecosystems.

Microalgal stress indicators can manifest in diverse forms, including alterations in
cell morphology [59]. The morphological response appears non-specific to particular
heavy metals due to shared toxicity mechanisms. For instance, light microscopy can
reveal plasmolysis as well as changes in cell dimensions—both increases and decreases
in volume [37]. These effects occur because sublethal copper concentrations induce ROS
formation, which damages membranes and organelles, ultimately disrupting osmotic
balance [60].

Initial screening results revealed low microalgal tolerance—growth was completely
inhibited at copper concentrations as low as 3 mg/L, significantly limiting their bioremedi-
ation potential for heavily contaminated sites. These findings reinforce the understanding
that copper tolerance is strain-specific and governed by unique molecular mechanisms,
highlighting the necessity for comprehensive testing of each individual population [61,62].

While microalgal copper absorption capacity is typically assessed through short-term
aqueous experiments [63], such approaches often fail to account for long-term microbial
adaptation processes. In this study, we evaluated the copper removal capacity of Atlanti-
cothrix sp. KPABG-154445 through prolonged stress exposure experiments.

In this study, the Atlanticothrix sp. KPABG-154445 strain was subjected to repeated
stress conditions. The Atlanticothrix sp. KPABG-154445 strain, maintained for 10 months in
a copper-supplemented medium (2 mg/L Cu?*), formed morphologically typical colonies
with preserved pigmentation, showing no visible differences from copper-free controls. The
persistent pigmentation reflects three key physiological characteristics: structurally intact
thylakoid membranes, operational chlorophyll biosynthesis pathways, and maintained
cellular compartmentalization—collectively indicating robust cellular homeostasis during
extended cultivation. Short-term toxicity tests, as commonly used in metal ecotoxicol-
ogy [61,62], may underestimate the adaptive potential of tolerant strains. While certain
cyanobacterial species have demonstrated tolerance to copper concentrations up to 12 uM
in experimental studies [63], the isolated Atlanticothrix sp. KPABG-154445 strain exhibits
markedly superior survival capacity at these elevated metal levels.

Tripathi et al. [64] reported that metal-treated algal assemblages showed progres-
sive recovery following transfer to metal-free medium, with initial signs of recovery ob-
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served within 5-7 days. Nevertheless, the extent of recovery was substantially constrained:
Cu-treated cultures recovered to only 52% of the control biovolume. This differential
recovery highlights the persistent toxicity of copper and corroborates our observation
that the majority of tested strains failed to resume growth after transfer to copper-free
medium following extended exposure. In marked contrast to the limited recovery docu-
mented by Tripathi et al. [64] for Cu-exposed communities, our Atlanticothrix sp. KPABG-
154445 strain demonstrated remarkable recovery capacity, resuming growth in copper-
free medium three months after Cu-exposure. These contrasting observations suggest
that although community-level recovery from copper stress is typically slow and incom-
plete, select cyanobacterial strains possess exceptional resilience mechanisms that warrant
further investigation.

The copper tolerance of Atlanticothrix sp. KPABG-154445 may be attributed to its origin.
The Tolbachik Volcano region features extreme climatic conditions and naturally high
copper concentrations in bedrock. Studies have demonstrated that microbial communities
within biofilms in this area actively participate in biomineralization processes, extracting
and accumulating calcium and heavy metals (Cu, Pb) from basaltic rocks [65]. Specifically,
calcium and copper oxalates detected in lichen crusts provide evidence of these organisms’
adaptive capacity to metal-rich environments. Atlanticothrix sp. KPABG-154445 likely
evolved its tolerance mechanisms through prolonged adaptation to such extreme conditions.
It is also likely that the culture of this strain experienced the described effect, where initial
exposure to copper not only has a direct toxic effect but also significantly alters the copper
tolerance of cyanobacteria upon repeated exposure [66].

Evaluation of copper concentration reduction in Atlanticothrix sp. KPABG-154445 cul-
tivation experiments suggests two complementary hypotheses: (1) Dead biomass exhibits
superior copper ion biosorption capacity compared to living cells. (2) Viable cells may
regulate environmental metal levels through active efflux mechanisms, representing an
adaptive strategy of Atlanticothrix sp. KPABG-154445 to high copper contamination.

Metal efflux has been previously characterized as a potential resistance mechanism.
Pandey et al. [67] described a Cu?*-tolerant Nostoc calcicola BREB strain capable of growth
at copper concentrations 8-fold higher than the lethal dose for wild-type strains (5 pM).
Remarkably, this resistant strain exhibited 22% lower Cu?* uptake compared to copper-
sensitive cells. The efflux activity was light-dependent, requiring photosynthetic ATP
generation, and significantly decreased when maintained in darkness [67].

The molecular basis of such systems was elucidated by D.H. Nies, who identified
heavy metal efflux transporters in prokaryotes [68]. Comparative genomic analysis revealed
Nostoc sp. possesses 8 RND proteins, 3 CDF transporters, and 13 additional transport
system proteins—substantially more than Synechocystis sp. (6 RND, 1 CDEF, and 9 others,
respectively).

RND and CDF proteins constitute bacterial transmembrane transporters that mediate
extrusion of diverse substrates, including heavy metals and cations. These systems are
crucial for maintaining metal homeostasis and conferring resistance.

Nevertheless, cyanobacteria of the Nostoc-like morphotypes show significant potential
as bioremediation agents. Live biomass of Nostoc linckia was employed in three 12-day treat-
ment cycles for polymetallic contamination removal, achieving over 80% copper elimination
efficiency in the Cu-Fe system by the third cycle [69]. Similarly, Nostoc muscorum isolated
from a mining site removed 80% of copper within 30 h of cultivation at concentrations of
5-10 mg/L Cu?* [70].

A comparative analysis of cyanobacterial adsorption capacities reveals substantial
interspecies variation. Reported values range from 8.73 to 12.62 mg/g for various Anabaena
species [71] to considerably higher levels in other genera. Nostoc PCC 7936 and Aulosira
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fertilissima showed intermediate capacities of 79 mg/g [72] and 21.77 mg/ g [ 73], respectively.
The highest adsorption was observed in Cyanospira capsulata—at 143 mg/g [74]—and
Spirulina platensis, which exhibited the maximum capacity at 272.1 mg/g [75].

Our studied Atlanticothrix sp. KPABG-154445 strain demonstrated considerable copper
removal capacity from aqueous solutions, consistent with previous findings. However,
practical application for remediation of technogenic landscapes (tailings ponds, waste
dumps) requires further investigation of Nostoc’s metal accumulation capacity under
terrestrial growth conditions.

The growth capacity of Atlanticothrix sp. KPABG-154445 strain on nepheline slag
surfaces was tested to evaluate its potential for dust suppression in mineral processing
tailings. In the Murmansk region, wind-driven dispersion of fine particulate matter from
mining and processing waste poses significant environmental hazards. These airborne
particles contaminate soils, water bodies, and atmospheric air across considerable distances,
leading to ecosystem degradation, agricultural land deterioration, and adverse health
effects for nearby urban populations [76].

Concurrently, we assessed the cyanobacterial crust’s resistance to copper contami-
nation typical of industrial waste piles. As copper represents a characteristic pollutant
from metallurgical operations, its presence in disturbed soils exacerbates wind erosion
vulnerability. This dual approach enables comprehensive evaluation of both the efficacy
and long-term stability of the proposed biological reclamation method under conditions
mimicking actual industrial waste deposits.

The Atlanticothrix sp. KPABG-154445 strain demonstrated successful colonization
of slag substrates at copper contamination levels of 10 mg/L, indicating significantly
higher soil tolerance compared to liquid culture experiments. These findings highlight the
importance of determining copper inhibition thresholds in complex nepheline slag systems.
This represents a promising avenue for future research.

Terrestrial ecosystems serve as a reservoir of resistant strains; therefore, anthropogenic
habitats are particularly relevant targets for bioprospecting. Furthermore, cyanobacteria
already occupy a niche in such environments, where they contribute to substrate stabi-
lization and toxicity reduction through metal absorption. This observation is supported
by literature describing cyanobacterial community formation under elevated heavy metal
concentrations.

In mesocosm experiments with the cyanobacterium Leptolyngbya sp. in an arsenic-
contaminated area, recorded as accumulation in the biocrust up to 269.57 mg/kg after 80
days of cultivation [77]. A detailed investigation in South Sardinia (Italy) explored the
composition of cyanobacterial populations in biocrusts from mining zones [78]. The authors
identified 56 cyanobacterial morphotypes, with representatives of the genus Nostoc found
at all study sites, including areas with high levels of copper contamination (89-303 mg/kg).
The experimental data demonstrating the ability of isolated strains to remediate copper
from aqueous solutions (up to 89%) are particularly noteworthy. Together, these findings
support further research into the diversity and adaptation mechanisms of cyanobacteria
under technogenic pollution.

The biomass of the inoculum used in this study (0.4 mg dry weight per 90 mm
diameter plate) is substantially lower than that reported in comparable studies. For example,
Chamizo et al. [79] and Romaén et al. [80] used 40 mg dry weight per plate and demonstrated
that Nostoc commune covered up to 60% of the sand surface under periodic moistening
Similarly, Nostoc flagelliforme growing on sand bed materials gradually expanded and
covered the entire plate surface within 60 days [81]. By day 100, a dense crust up to 2 mm
in height had formed [81].
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Environments characterized by chronic copper stress represent a reservoir of strains
with potential biotechnological applications. In this study, the Nostoc-like strain colonized
nepheline sludge, covering 42% of the substrate within one month, demonstrating its
potential for restoring degraded soils in technogenic landscapes (e.g., tailings and waste
dumps). Biocrust formation alters nutrient profiles and water transport in substrates, influ-
encing plant growth [82], making Nostoc-based biocrusts a promising tool for remediating
disturbed ecosystems, including desertification control.

4.2. Research Limitations and Future Research Directions

This study has a few key limitations. We deliberately aimed for a simple, straightfor-
ward protocol suitable for routine screening of cyanobacterial strains for copper tolerance.
Since the primary objective was to identify a survival threshold and select promising
copper-resistant candidates, rather than to calculate precise median inhibitory concentra-
tions (ICsp) over a short exposure period, the quantitative dataset obtained in this study
remains limited.

It should also be noted that the non-viable biomass used in the sorption experiments
was not obtained through a dedicated pretreatment protocol, but rather resulted from
the failure of the selected strain to survive at 2 mg/L Cu?* during the second round of
exposure. This concentration appears to represent a borderline toxicity threshold for the
tested strain, which explains why we refer to positive growth rather than full tolerance at
this level.

Our laboratory results demonstrate that cyanobacterial growth on nepheline sand can
be sustained with distilled water only, suggesting that the substrate itself provides sufficient
mineral nutrients for initial colonization and biofilm formation. However, it remains an
open question whether a single inoculation would be sufficient to establish a self-sustaining
biocrust, or whether repeated applications would be necessary to compensate for initial
cell mortality and environmental stress. Given the harsh climatic conditions of the Arctic,
including freeze-thaw cycles, high winds, and low temperatures, we anticipate that one or
more supplementary inoculations may be required to ensure successful establishment.

5. Conclusions

This study provides a screening of microalgae and cyanobacterial strains for copper
tolerance and evaluates their potential for bioremediation of Arctic technogenic substrates.
Among the nine strains tested, only the cyanobacterium Atlanticothrix sp. KPABG-154445,
isolated from the copper-enriched fumarolic fields of Tolbachik Volcano (Kamchatka Penin-
sula), demonstrated positive growth at 2 mg/L Cu?*, with sustained viability and recov-
ery of metabolic activity after extended exposure. The strain also exhibited long-term
adaptation, maintaining pigmentation and morphological integrity after 10 months in
copper-supplemented medium, underscoring its resilience to metal stress.

Sorption experiments revealed that non-viable biomass of this strain achieved up to
68% copper removal at 2 mg/L, significantly outperforming actively growing cultures.
This finding suggests that dead or pretreated biomass may serve as an effective biosorbent.
In microcosm experiments using copper-spiked nepheline sand, the strain successfully
colonized the nutrient-poor substrate and formed biocrusts covering up to 100% (42% in
average) of the surface within one month, even at copper concentrations of 10 mg/kg,
with no statistically significant growth inhibition. This dual capacity—heavy metal tol-
erance combined with biocrust formation—positions Atlanticothrix sp. KPABG-154445
as a promising candidate for the initial stages of bioremediation of industrial barrens in
the Arctic.
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However, several challenges remain. The transition from laboratory-scale microcosms
to full-scale field application requires further investigation, particularly regarding the
long-term survival and self-sustaining capacity of biocrusts under harsh Arctic conditions,
including freeze-thaw cycles, high winds, and UV radiation. Future studies should also
quantify biomass-specific metal uptake (mg/g) to enable direct comparison with other
strains, assess tolerance to nickel and other co-occurring metals in polymetallic mixtures,
and evaluate the performance of the strain in real-world field trials.

Our findings highlight the potential of cyanobacteria, particularly strains adapted to
extreme metal-rich environments, as versatile tools for bioremediation and soil restora-
tion in contaminated Arctic and subarctic regions. The combination of metal tolerance,
biosorption capacity, and biocrust-forming ability makes Atlanticothrix sp. KPABG-154445
a valuable resource for developing nature-based solutions to mitigate the environmental
impact of industrial activities in the Russian Arctic.
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