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Heavy metals, particularly cobalt and nickel, are highly toxic and widely distributed in ecosystems. 
Sometimes, their concentration in natural ecosystems can increase sharply due to anthropogenic 
activities. Metal-resistant microorganisms are considered to be promising for their detoxification. The 
purpose of the work was to study the sustainability of microorganisms derived from the biohumus 
in the presence of toxic cobalt and nickel compounds as well as determine the maximum limit 
concentration of Co2+ and Ni2+ for them. The biohumus served as a model natural ecosystem free from 
heavy metals where microorganisms were not adapted to them. The resistance of microorganisms 
was determined by cultivation in the medium with a gradient of simultaneous Co2+ and Ni2+ from 
0 to 1000 mg/L. The quantification of Co2+ and Ni2+-resistant microorganisms in the biohumus was 
determined by counting the number of colony forming units on nutrient agar. Using a Niton XL5 Plus 
manual XRF analyzer, it was determined that in metal missile fragments the concentration of cobalt 
ranged from 73 ± 22 to 589 ± 34 mg/kg, the concentration of nickel was 110 ± 15–577 ± 21 mg/kg. 
Cobalt was not detected in all soil samples. Nickel compounds were detected in two samples of the 
affected soil up to 408 ± 8 mg/kg and 36 ± 4 mg/kg in soil without shell explosions. On the example of 
the microorganisms of the biohumus, we confirmed that natural ecosystems contain microorganisms 
resistant to toxic Co2+ and Ni2+ compounds in high concentrations. The concentrations of simultaneous 
Co2+ and Ni2+ of 100 and 200 mg/L were established not to affect the growth of microorganisms, 
and the number of CFUs was (6.2 ± 0.2)×105 and (6.1 ± 0.2)×105 CFU/g. The maximum permissible 
concentration of simultaneous Co2+ and Ni2+ for the biohumus microbiome was 700 mg/L and the 
number of CFUs was (5.0 ± 0.1)×102 CFU/g after a month of cultivation. Moreover, microorganisms can 
adapt and maintain sustainable growth even after the increase in the concentration of metals from 500 
to 2500 mg/L as well as to provide the detoxification of divalent metals by transforming into insoluble 
non-toxic sulfides.

Pollution of natural ecosystems with heavy metal is a serious concern because of the negative consequences it 
causes worldwide1. Pollution takes place due to natural processes such as volcanic eruptions, leaching of metals 
from rocks2 as well as man-made activity including mining, industry, shelling, etc3. Natural emissions of metals, 
as well as emissions due to human industrial activities, can be predicted and prevented by planning economic 
activities in the areas of ores and installing treatment facilities4. However, in the situations of military actions, 
which are relevant in different regions of the planet in our time, spontaneous contamination of soil with heavy 
metals occurs due to shelling. Soils affected by military actions are reported to be contaminated with toxic 
metals and metalloids, organic and inorganic explosives, oxidizable secondary explosives, and their metallic 
derivatives5. In this regard, there is an urgent need to study the effect of such contamination on microorganisms 
and the mechanisms to reduce the negative consequences6.

Cobalt7 and nickel8 are widespread among such pollutant metals. Cobalt and nickel production has been 
growing significantly in the last decade as global demand for them increases9. They are present in batteries, 
solar panels, electronics, car parts, shells, etc10. Due to physical and chemical properties, cobalt is used for ore 
smelting, alloy production, and the production of electrical and electronic devices11. Nickel, in turn, is used in 
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modern metallurgy in a wide range of metallurgical processes, such as the production of alloys, electroplating, in 
the production of nickel-cadmium batteries, and as a catalyst in the chemical and food industries12,13.

Cobalt is an important trace element for plants, animals and humans at concentrations of 5–40 µg/day. It plays 
an important role in biochemical reactions necessary for life; in particular, it is a component of the coenzyme 
cobalamin (vitamin B-12)14. Cobalt deficiency leads to such diseases as skin peeling, loss of appetite, anemia, 
and brittle bones9. Higher concentrations of cobalt are harmful to human health, causing asthma problems, liver 
damage, heart failure, and even cancer15. The most frequent symptoms of a high accumulation of cobalt in plants 
are a decrease in growth and the appearance of necrosis, as well as a violation of the assimilation of nutrients16. 
Nickel is an important trace element necessary for the normal growth of many types of microorganisms and 
plants17. It is an integral part of several enzymes, such as glyoxalase and urease, required for nitrogen metabolism 
in higher plants18. In humans, nickel in high concentrations can cause allergies, DNA damage, neurological 
disorders, cardiovascular and kidney diseases, pulmonary fibrosis, lung and nasal cancer19,20.

The resistance of microorganisms to cobalt and nickel is being often considered a related phenomenon. This 
may be due to the fact that resistance to these two metals is associated with the functioning of the same genes, 
for example, the genes belonging to the resistance nodulation family which encodes proton-driven antiporters21. 
Therefore, the study of the resistance of microorganisms to cobalt and nickel simultaneously is justified due to 
the interconnectedness of the genetic mechanisms of resistance of microbial cells.

Chemical or physical methods are mainly used to purify the environment from heavy metals22, including 
adsorption, ion exchange, membrane filtration, and chemical precipitation23,24. However, such methods are not 
effective enough considering the scale of pollution and are also expensive25. A promising way to detoxify metal 
pollutants is the use of diversified microbiomes resistant to high concentrations of metals26. Metal-resistant 
bacteria most often belong to the genera Bacillus, Arthrobacter, Pseudomonas, Ralstonia, Stenotrophomonas, 
Desulfovibrio and demonstrate a high ability to precipitate various heavy metals in the form of insoluble non-
toxic compounds27,28. Metal-resistant microorganisms are known to be spread in various ecosystems and 
possess a great capacity to survive and interact with metals. Thus, microorganisms are cheap and effective 
biotechnological means for remediating metal-contaminated soil29,30.

Therefore, the purpose of our study was to study the sustainability of microorganisms originated from 
the biohumus in the presence of toxic cobalt and nickel compounds as well as determine the maximum limit 
concentration of Co2+ and Ni2+ for them.

Results
Investigation of the contamination of the soil affected by shelling with cobalt and nickel
Military actions possess hazard to the environment via the spread of shell and rocket fragments, bullet residues 
and other metal-containing materials in soil. Corroding in soil, they are a source of contamination of territories 
with heavy metals. The investigation of three soil samples from the craters created by a shell explosion near 
Hostomel showed the following results (Table 1).

Compounds of cobalt were not detected in the places of shells hit. It is also natural that they were not 
found either in soil not exposed to shelling or in biohumus. On the other hand, in metal missile fragments, the 
concentration of cobalt ranged from 73 ± 22 to 589 ± 34 mg/kg. Nickel compounds were detected in two samples 
of the affected soil up to 408 ± 8  mg/kg. Some small amount (36 ± 4  mg/kg) was also found in soil without 
shell explosions confirming the spread of metal in ecosystems. The amount of nickel in missile fragments was 
110 ± 15–577 ± 21 mg/kg. Thus, it can be assumed that nickel compounds could enter the soil directly when 
shells exploded, whereas this was not detected for cobalt. However, projectile fragments located in the soil pose 
a threat to the environment as sources of toxic metals that can be mobilized due to the metabolic activity of 
microorganisms and plants. Understanding the amount of metal compounds that can enter the soil during 
shelling, as well as when shell fragments are found there, provides a range of studies on the resistance of soil 
microorganisms to metals.It is especially relevant to study the limits of resistance of microorganisms not adapted 
to heavy metals to determine the adaptation potential of soil ecosystems and pathways for the detoxification of 
metals in soil. Though, it is important to study microbial community of the affected sites, current research was 
aimed to study the response of the microbiome from the non-affected site (biohumus) to understand the level of 
resistance of microorganisms which have never been exposed to toxic metals. These results will give a baseline for 

No Sample description Place of sampling

Concentration, 
mg/kg

Ni(II) Co(II)

1 Regosol from a crater 5.0 m in diameter and 1.5 m deep, field

Hostomel, Ukraine

< LOD < LOD1

2 Regosol from a crater 4.0 m in diameter and 2.0 m deep, field 303 ± 9 < LOD

3 Retisol from a crater 16.0 m in diameter and 6.0 m deep, forest 408 ± 8 < LOD

4 Chernozem not affected by shelling, field 36 ± 4 < LOD

5 Metal missile fragments 110 ± 15 589 ± 34

6 Metal missile fragments 577 ± 21 73 ± 22

7 Biohumus after the fermentation of plant residues Opole, Poland < LOD < LOD

Table 1.  The concentration of cobalt and nickel in samples. 1< LOD – represents the value lower than limits of 
detection (limits of detection in the soil of Ni(ІІ) – 11 mg/kg, of Со(ІІ) – 5 mg/kg.
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the resistance of non-adapted microorganisms that can be used as a guide when studying microorganisms from 
the affected regions. Therefore, the following research deals with the study of the microorganisms of biohumus.

Determination of the maximum limit concentration of metals for microorganisms from 
biohumus
Biohumus obtained after fermentation of plant residues is the main component of fertile soil. It consists of 
lignocellulose residues, which are important structure-forming components of the soil, and is also the source 
of soil microbiome, which provides access to nutrients and growth stimulants for plants31. The presence of 
metal-resistant microorganisms in the biohumus microbiome is an important feature providing the stability of 
functioning of the whole soil ecosystem in the presence of heavy metals.

Therefore, the microbiome of biohumus was studied to determine metal resistance and the possible pathways 
of metal detoxification. The concentrations of simultaneous Co2+ and Ni2+ of 100 and 200 mg/L were established 
to not affect the growth of microorganisms (Fig. 1). Active growth was observed already after the first day of 
cultivation. The number of CFUs of metal-resistant microorganisms, isolated from biohumus on an agarized 
nutrient medium at a concentration 100 and 200 mg/L of Co2+ and Ni2+, was (6.2 ± 0.2)×105 and (6.1 ± 0.2)×105 
CFU/g. At a concentration 300 mg/L of Co2+ and Ni2+, the delay in colony growth was only one day compared 
to the control without metals. The number of CFUs was (3.4 ± 0.1)×105 CFU/g after 30 days of cultivation. 
At 400 and 500 mg/L of Co2+ and Ni2+, the delay in the growth of colonies was 7 and 11 days, respectively. 
The amount of microorganisms was (3.0 ± 0.2)×105 and (1.1 ± 0.1)×105 CFU/g after 30 days. At 600 mg/L of 
metals, the microbiome growth delay was 25 days, and the number of colonies was (9.4 ± 0.1)×103 CFU/g. 
The maximum permissible concentration of simultaneous Co2+ and Ni2+ for the biohumus microbiome was 
700 mg/L (concentration of each metal 350 mg/L). At the same time, the growth of microorganisms was delayed 
for one month, and the number of colonies was (5.0 ± 0.1)×102 CFU/g. At a summarized metal concentration 
above 700 mg/L, only fungi growth was observed. The growth of biohumus microorganisms did not provide a 
pH change in the agarized nutrient medium. That was evidenced by the absence of change in the color of the 
BTB indicator.

Obtaining of the active microbiome from the biohumus
The line of the active microbiome was obtained from the biohumus in PNB. The growth activity was confirmed 
via the discoloration of sodium resazurin used as the Eh indicator on the second day of cultivation. By the 17th 
day of cultivation, the pH of the culture liquid was 8.7. The metabolic activity of microorganisms expressed in 
the alkalization of the medium is important to provide metal detoxification via the precipitation of divalent 
heavy metals, such as Co2+ and Ni2+ in solutions. The dynamics of the pH changes during the cultivation of the 
active biohumus microbiome are presented in Fig. 2.

Obtained microbiome was sown on an agarized peptone nutrient medium with metal concentrations of 400 
and 700 mg/L of simultaneously added Co2+ and Ni2+ and cultivated at 25 °C for seven days. The growth was 
already observed on the second day of cultivation in the variant with 400 mg/L of metals. Within seven days, the 
medium became alkaline, as evidenced by the change of BTB color from yellow-green to blue in the growth zone 
of bacterial colonies (Fig. 3a). At 700 mg/L of Co2+ and Ni2+, the growth started on the seventh day.

Fig. 1.  Dependence of the amount of CFU of metal-resistant microorganisms of the biohumus and the 
concentration of simultaneous Co2+ and Ni2+ after 30 days of cultivation. Letters a, b, c, d, e show the statistical 
difference between the data set, p < 0.05 with Bonferroni correction.
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Fig. 3.  Growth of metal-resistant microorganisms of the biohumus. (a) Change in the color of the medium 
during the growth of the metal-resistant microbiome at concentration of 400 mg/L simultaneously Co2+ and 
Ni2+ (7th day of cultivation); (b) Growth of metal-resistant microorganisms on a liquid nutrient medium 
(1st day of cultivation) with the concentration range Co2+ and Ni2+ from 0 to 700 mg/L; (c) The dependence 
of the growth of metal-resistant microorganisms of the biohumus on PNB with Co2+ and Ni2+ after 15 days 
of cultivation. Letters a, b, c show the statistical difference between the data set, p < 0.05 with Bonferroni 
correction.

 

Fig. 2.  The dynamics of pH changes during the cultivation of the active biohumus microbiome. Letters a, b, c 
show the statistical difference between the data set, p < 0.05 with Bonferroni correction.

 

Scientific Reports |        (2025) 15:10437 4| https://doi.org/10.1038/s41598-025-88601-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Microorganisms grown in the presence of 700 mg/L of metals on an agar medium were tested to be resistant 
to metals in the liquid medium (Fig. 3b). The results were recorded on the basis of turbidity of the nutrient 
medium due to bacterial growth.

The growth of microorganisms in PNB with a concentration range of Co2+ and Ni2+ metals 0–700 mg/L was 
determined by the optical density of the culture liquid photocolorimetrically (λ = 540 nm). The concentration 
of 100 mg/L of Co2+ and Ni2+ more than twice suppresses the growth of metal-resistant culture compared to the 
control without metals. At concentrations of 600 and 700 mg/L, 7-fold growth inhibition was observed. The use 
of a liquid medium was shown to be a more unfavorable factor than an agarized one, which is associated with 
the constant influence of Co2+ and Ni2+ on the cell. The results are presented in Fig. 3c.

The adaptation of biohumus microorganisms resistant to high concentrations of Co2+ and 
Ni2+
The adaptation of biohumus microorganisms to high concentration of Co2+ and Ni2+ was carried out by sowing 
cultures onto a PNA with a gradual increase in the concentration of metals in steps of 200 mg/L. In this way, 
it was possible to obtain cultures growing at a simultaneous concentration of Co2+ and Ni2+ of 2500 mg/L (the 
concentration of each of the metals is 1250 mg/L) (Fig. 4а).

The obtained metal-resistant microorganisms were tested for the ability to reduce the redox potential and 
alkalinize the medium. The obtained microbiome was found to cause alkalization of PNA (Fig. 4b), but do not 
reduce the redox potential (Fig. 4c).

The growth of metal-resistant cultures from a Petri plates with a simultaneous Co2+ and Ni2+ concentrations 
of 2000 mg/L on a PNB with a concentration range of metals Co2+ and Ni2+ 500–2000 mg/L was tested. The 
results were recorded on the basis of the turbidity of the nutrient medium due to bacterial growth and on the 
basis of the delay in the color change to neutral red as a pH indicator (Fig. 5a).

It is shown that the more toxic liquid metal-containing medium has a lower inhibitory effect on 
microorganisms adapted to high concentrations of metals than on non-adapted ones. Thus, at a concentration of 
2000 mg/L, inhibition occurs only 1.5 times compared to the control without metals (Fig. 5b).

Thus, the military actions possess hazard to the environment both in the moment of shells hitting the soil 
and exploding, which results in direct exposure to heavy metal compounds, as well as subsequently long-term 
contamination of soil with metals releasing from missile fragments due to the activity of microorganisms and 
plants. Therefore, it is very important to investigate the range of resistance of non-adapted soil microorganisms 
to toxic metals, as well as their adaptive potential and possible pathways for metal detoxification. Such study was 
undertaken in this work.

Discussion
Fighting inevitably has a negative impact, altering the environment, damaging natural ecosystems and 
destroying human habitats32. There is pollution of both the atmosphere33, water environments34 and soil35. 
Bombing, trenching and tunneling are likely to cause soil degradation and changes in landscape morphology. 
This is especially important because Ukraine has some of the most fertile soils in the world (chernozem), 
which means it will affect food production36. Metal missile fragments of various sizes constitute a significant 
part of the polluting factors. After the explosion, such particles fly over a large area and decompose in the 

Fig. 4.  Metal-resistant microorganisms of biohumus: (a) Growth of metal-resistant cultures from biohumus 
microbiome at a simultaneous Co2+ and Ni2+ concentrations of 2500 mg/L. Growth of metal-resistant 
microorganisms (b) using neutral red (alkalization of the medium with a change in color from pink to yellow); 
(c) using resazurin (growth without color change – no decrease in Eh).
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soil for a considerable period of time. This causes a long-term cumulative toxic effect on the environment37. 
Soils damaged by bombing and shelling contain large amounts of heavy metals and arsenic that are harmful to 
plants, animals, and humans, especially through the migration of these substances into groundwater and food 
chains38,39. Excessive concentration of heavy metals disrupts cation exchange, which negatively affects plants and 
microorganisms, reducing their ability to provide the necessary nutrients for growth and development38. The 
fastest spreading metals in the soil are: iron (Fe), zinc (Zn), cadmium (Cd), antimony (Sb); the slowest: arsenic 
(As), lead (Pb), copper (Cu), nickel (Ni), mercury (Hg), manganese (Mn), vanadium (V). The rate of diffusion 
of barium, cobalt, arsenic, lead, mercury, manganese, strontium and titanium does not depend on the type and 
mechanical parameters of the soil. It is known that loams and chernozems are more prone to the accumulation 
of heavy metals and iron than sandy soils39.

The problem of pollution of ecosystems with heavy metals needs an immediate solution40,41. We propose the 
use of biological methods based on the use of metal-resistant microorganisms. The advantage of this method is 
that the sources of microbial biomass are unlimited. It can be any natural and artificial ecosystems. In particular, 
we investigated such an option as biohumus. Also, microorganisms isolated from such ecosystems can be adapted 
to higher concentrations of metals. Thus, we adapted the obtained microorganisms to 2500 mg/L of Co2+ and 
Ni2+ (the concentration of each of the metals is 1250 mg/L). Moreover, their viability in a liquid medium, which 
is more toxic, at simultaneous Co2+ and Ni2+ concentrations up to 2000 mg/L is also shown. All these factors are 
important prerequisites for the creation of new ecological biotechnologies of soil remediation and polymetallic 
wastewater treatment.

According to the literature, it is known that some metal-resistant microorganisms have been previously 
isolated42,43. However, in them it was about the isolation of microorganisms from environments already polluted 
with large concentrations of heavy metals44–46. Thus, the Apiotrichum loubieri M12 strain was isolated from 
the sediments of an abandoned gold mine located in San Luis (Argentina). It is able to transport and remove 
Cu2+ from liquid culture media, with an efficiency of 30–35% at an initial concentration of 40 mg/L Cu2+ for 
48 h. The presence of Cu2+ induces differential expression of intracellular proteins involved in various metabolic 
processes in Apiotrichum loubieri M12. A specific response to the metal was detected in cell-free supernatants in 
which copper-binding proteins were identified. This microorganism reacts with copper not only by regulating 
intracellular protein expression, but also by regulating protein expression in the extracellular space47. Fifteen 
cultivated HMRB strains belonging to the genera Bacillus, Shewanella, Lysinibacillus and Acinetobacter were 
isolated from sludge samples of an electroplating treatment plant (Dungguan, China). Their maximum 
tolerance concentrations for Cu2+, Ni2+, Mn2+, Co2+ and Cr2O7

2− were 40 mM, 10 mM, 200 mM, 40 mM, and 
10 mM, respectively48. Twelve fungal strains belonging to the genera of Aspergillus, Penicillium, Fusarium, 
Cunninghamella, Simplicillium, Trichoderma, Rhizomucor, Cladosporium, and Hypocrea were identified from 
Hindustan Paper Corporation (HPC), Assam. A further screening approach to assess their tolerance to heavy 
metals showed that most isolates were tolerant to environments containing various concentrations of trace metals 
Ni2+, Cu2+, Zn2+ and Cd2+ (0.1, 0.5, 2.0, 4.0 mM)49. Mine soils in southeastern Idaho, USA, contaminated with 
Se4+ and Se6+ were also investigated. The concentration of Se in the soil was 30 mg/kg. It was determined that 
as a result of contamination with this trace element, communities of Se-tolerant microorganisms were formed. 
Actinobacteria, Gemmatimonadetes, and Ascomycota predominated among them50.

Many researchers suggest using genetically modified microorganisms to neutralize heavy metals51–53. 
In particular, the use of microorganisms of the genera and species Flavobacterium, Pseudomonas, Bacillus, 
Arthrobacter, Corynebacterium, Methosinus, Rhodococcus, Mycobacterium, Stereum hirsutum, Nocardia, 

Fig. 5.  Determination of the resistance of microorganisms to metals by cultivation in a liquid peptone medium 
with a gradient of Co2+ and Ni2+ from 500 to 2000 mg/L. (a) Visualization of the growth delay of the biohumus 
microbiome depending on the concentration of heavy metals (2nd day of cultivation). (b) The dependence 
of the growth of metal-resistant microorganisms of biohumus on the concentration of metals in the liquid 
nutrient medium on the 10th day of cultivation based on optical density. Letters a, b, c show the statistical 
difference between the data set, p < 0.05 with Bonferroni correction.
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Methanogens, Aspergilus niger, Pleurotus ostreatus, Rhizopus arrhizus, Azotobacter, Alcaligenes, Phormidium 
valderium, Ganoderma applantus is suggested54,55. However, in our opinion, this significantly complicates and 
increases the cost of heavy metal disposal technology.

Thus, the contamination of soil with heavy metals due to military actions is very relevant and important issue. 
The pollution of soil was shown to be able to take place both via direct explosion of shells as well as the release of 
metals form missile fragments left in soil. The accumulation of toxic metals possess hazard to the environment. 
Therefore, the study of the adaptation potential of soil microorganisms and the pathways of metals detoxification 
are required.

Conclusion
The study of samples from the sites affected by shelling in Kyiv region has shown that cobalt compounds were 
not detected in soil while nickel was in the range of 36 ± 4–408 ± 8 mg/kg. Missile fragments contained both 
cobalt and nickel compounds. Therefore, the investigation of the adaptation potential of soil microorganisms is 
necessary to get insight into the patterns of microbial interaction with metals as well as for the prospects for the 
application in environmental biotechnologies. The research showed the capacity of non-adapted microorganisms 
of the biohumus to grow at the concentration of Co2+ and Ni2+ up to 2500 mg/L. Moreover, their metabolic 
activity to alkalinize medium can be useful for various metals detoxification. The soil environment alkalization 
by microorganisms can be used as the fast and safe pathway to immobilize toxic soluble metal compounds in 
the form of insoluble and, therefore, non-toxic ones. This approach can be used to immobilize toxic metals and 
exclude them from circulation in soil.

Methods
Determination of the concentration of cobalt and nickel in the soil affected by shelling
To study if there is hazard of the contamination of soil with cobalt and nickel as the result of shelling, soil samples 
were collected form the affected sites. Three samples of soil were collected directly from different craters created 
by a shell explosion. In particular, 1 – regosol from a crater 5.0 m in diameter and 1.5 m deep, field (50°63’64.8"N 
30°26’77.4"E), 2 – regosol from a crater 4.0 m in diameter and 2.0 m deep, field (50°63’38.2"N 30°26’85.6"E), 
3 – retisol soil from a crater 16.0 m in diameter and 6.0 m deep, forest (50°69’89.9 N 30°34’39.8E). One sample 
of chernozem was also taken from a field not affected by shelling (50°38’11.3"N 30°16’03.9"E). The soil type is 
determined according to International soil classification system56. Metal missile fragments were taken from 
funnels 1 and 2 for analysis. These sites are located near Hostomel, a settlement in Kyiv Region, Ukraine, where 
active military actions took place in spring 2022 (Fig.  6). The evaluation of the concentration of cobalt and 
nickel compounds in samples was carried out via the Niton XL5 Plus handheld XRF analyzer (Thermo Scientific, 
Waltham, MA USA ). Also, their content was analyzed in two samples of metal missile fragments. Such a set of 
researched options made it possible to draw conclusions about the possibility of soil contamination with heavy 
metals, in particular cobalt and nickel, as a result of their impact with fragments of various types of rockets. 

Fig. 6.  A crater 16.0 m in diameter and 6.0 m deep in sandy-clay soil (50°69’89.9 N 30°34’39.8E) (Hostomel, 
Kyiv region, Ukraine).
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As the control sample without metal contamination, the biohumus (Opole, Poland) was used. Biohumus was 
obtained by composting plant residues, in particular grass and food waste. It is a free-flowing fine granular mass 
of dark brown color.

Obtaining of the active microbiome of the biohumus
Since humus is the main soil-forming component, the biohumus obtained after the fermentation of plant residues 
was used as a source of an active microbiome non-adapted to heavy metals. It served as a model to study the 
resistance of microorganisms and their ability to maintain sustainable grows in the presence of heavy metals. To 
obtain a highly active microbiome with an increased number of metabolically active microorganisms, 150 mL of 
peptone nutrient broth (PNB) (BioMaxima S.A., Poland) was poured into the conical flask with a volume of 200 
mL. Sodium resazurin solution added to the medium was used as an Eh indicator (discoloration at − 100…–150 
mV). The biohumus (5 g) was added to the medium and cultivated at 25 °C for 16 days. Such parameters as pH, 
and redox potential (Eh, mV) were controlled57. They were measured potentiometrically via pH/conductivity 
meter CPC-411, electrode pH EPS-1, and electrode redox ERS-2 (Elmetron, Zabrze, Poland), respectively.

Preparation of cobalt and nickel solutions
A sterile solution of simultaneous Co2+ and Ni2+ (CoCl2 × 6H2O and NiSO4 × 6H2O) with a summarized 
concentration of 50,000  mg/L (the individual concentration of each of the metals was 25,000  mg/L) was 
previously prepared. To prepare 100 mL of cobalt and nickel with a concentration of 50,000 mg/L, 10.08 g of 
CoCl2 × 6H2O and 11.15 g of NiSO4 × 6H2O were dissolved in distilled water.

Microbiological study of the biohumus
Metal-resistant microorganisms from the studied soil samples were isolated by Koch’s method58. For this, a 
sterile agarized peptone nutrient medium (BioMaxima S.A., Poland) with the addition of 3 g/L cysteine was 
used. A solution of Co2+ and Ni2+ metals was added to the nutrient medium to a final total concentration of 
0 to 1000 mg/L (a step in the concentration series was 100 mg/L). Microorganisms were isolated from tenfold 
dilutions of the soil suspension. To prepare the inoculum, a weight of 1 g of the biohumus was added to 9 mL 
of sterile 0.8% NaCl and suspended for 15 min, periodically shaking. 100 µL of prepared inoculum, 10 mL of 
nutrient medium, and metals solution were added to sterile test tubes to final concentrations of 0-1000 mg/L 
in steps of 100 mg/L to create a concentration series. As a pH indicator, a 0.1% solution of bromothymol blue 
(BTB) (transition interval pH: 6 (yellow color) – 7.6 (blue color)) was added to the medium at the rate of 2% of 
the volume of the medium. This mixture was poured into Petri plates and cultivated at 25 °C for 30 days.

Investigation of the adaptational limits of non-adapted microorganisms of biohumus to high 
concentrations of metals
The study of the adaptation potential of the biohumus microorganisms to the high concentrations of the 
simultaneous presence of Co2+ and Ni2+ was carried out both on solid and liquid nutrient media.

The growth on solid medium was studied via successive passages of bacteria on the media with a gradual 
increase in the concentration of metals59. The obtained active microbiome was sown on the peptone nutrient 
agar (PNA) (BioMaxima S.A., Poland) with concentrations of 400 and 700 mg/L simultaneously Co2+ and Ni2+ 
(concentration of each metal 200 and 350 mg/L, respectively). The cultivation took place at 25 °C for 7 days. a 
0.1% solution of bromothymol blue was used as a pH indicator. 0.1% solution of bromothymol blue was added to 
the medium to concentration of 2%. Every next passage was conducted on the PNA with the gradually increased 
concentration of Co2+ and Ni2+ with a step of 200 mg/L. Cultivation took place for 3–5 days at 25 °C.

The obtained metal-resistant microbiome was tested for the ability to reduce the redox potential and 
alkalinize the medium to study its potential to precipitate soluble Co2+ and Ni2+ to insoluble forms. For this, 
sowing was carried out on agarized peptone nutrient medium in two variants: 1 – using resazurin (Eh indicator) 
and 2 – using neutral red (pH indicator, 6.8 (pink) – 8.4 (yellow)). Microorganisms were sown with a stroke and 
cultivated for 3 days at 25 °C.

The growth in liquid medium was investigated as follows. The cultures previously grown on Petri plates 
with a concentration of 700  mg/L, were tested on a liquid nutrient medium with a concentration range of 
simultaneously present Co2+ and Ni2+ from 0 to 700 mg/L. To do this, cultures from a Petri plate were transferred 
with a loop into a test tube with a liquid nutrient medium and left for a day in a thermostat at a temperature of 
25 °C to obtain a stock culture. 5 mL of liquid peptone nutrient medium was poured into sterile test tubes and 
a solution of Co2+ and Ni2+ metals was added to final concentrations of 0–700 mg/L. The prepared inoculum in 
the amount of 0.75 mL (15% of the volume of the medium) was added to the ready nutrient medium. Cultivation 
was carried out for 15 days at a temperature of 25 °C. The results were recorded based on the turbidity of the 
nutrient medium due to bacterial growth. In addition, growth was determined by the optical density of the 
culture liquid photocolorimetrically (λ = 540 nm).

The growth of metal-resistant cultures from a Petri plate was also tested on a liquid nutrient medium with 
a concentration range of simultaneously Co2+ and Ni2+ 500–2000 mg/L. To do this, cultures from a Petri plate 
were transferred with a loop into a test tube with a liquid nutrient medium and left for a day in a thermostat 
at a temperature of 25 °C to obtain a stock culture. Portions of 10 mL of liquid peptone nutrient medium were 
poured into sterile test tubes and a solution of Co2+ and Ni2+ metals was added to obtain final concentrations of 
500–2000 mg/L in steps of 250 mg/L. The prepared inoculum in the amount of 1.5 mL (15% of the volume of 
the medium) was added to the prepared nutrient media. Cultivation was carried out for 10 days at a temperature 
of 25 °C. The results were recorded based on the turbidity of the nutrient medium due to bacterial growth and 
the delay in the color change to neutral red as a pH indicator. In addition, growth was determined by the optical 
density of the culture liquid photocolorimetrically (λ = 540 nm).
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Data analysis
The number of colony-forming units (CFU) of metal-resistant microorganisms, isolated from the biohumus on 
an agarized nutrient medium with a gradient of Co2+ and Ni2+ from 0 to 1000 mg/L, in 1 mL of suspension was 
calculated according to the formula:

	 M = a · 10n/V,� (1)

where: M – the number of cells in 1 mL; a – average number of colonies; 10n – dilution factor; V is the volume 
of the inoculum, mL.

The number of microorganisms in the samples was calculated into the total number of microorganisms per 
1 g of completely dry sample according to the formula:

	 X = a × k,� (2)

where: X – the number of colony-forming units in 1 g of completely dry sample; a – the number of cells in 1 mL 
of the suspension of the studied microorganisms; k – the humidity coefficient of the sample.

The humidity coefficient was determined by the formula:

	 k = 100/ (100 − H) ,� (3)

where: H – the moisture content of the sample.
The moisture content (H) in the samples was determined by the weight method. The samples were dried in a 

drying cabinet at a temperature of 105 ºС to a constant weight. Humidity was determined by the formula:

	 H = A/(m − −A) · 100%,� (4)

where: A – the weight of evaporated moisture; m is the weight of the sample58.
Each experiment was repeated in three replicates. Data analysis was carried out using Microsoft Excel 2013. 

Means and standard deviations (SDs) were determined with a 95% confidence level. Values were presented 
as mean ± SD. The level of significance of differences between the data sets was determined via the one-way 
ANOVA test with the post-hoc test (Bonferroni correction).

Data availability
All data generated or analysed during this study are included in this published article, however, row datasets 
used and/or analysed during the current study are available from the corresponding author (O.T.) on reasonable 
request.
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