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Introduction

Havryliuk, O. A., Hovorukha, V. M., Sachko, A. V., Gladka, G. V., Bida, . O., & Tashyrev, O. B. (2021). Bioremoval of hazardous
cobalt, nickel, chromium, copper and cadmium compounds fiom contaminated soil by Nicotiana tabacum plants and associated
microbiome. Biosystems Diversity, 29(2), 88-93. doi:10.15421/012112

Contamination of soils with heavy metals leads to reduction of soil fertility, destruction of natural ecosystems and detrimental effects
on the health of society by increasing content of metals in the food chains from microorganisms to plants, animals and humans. Bioremed-
iation is one of the most promising and cost-effective methods of cleaning soils polluted with toxic metals. According to current research-
ers, microorganisms and plants have the genetic potential to remove toxic metals from contaminated sites. The method of thermodynamic
prediction was used to theoretically substantiate the mechanisms of interaction of soil microorganisms and plants with heavy metals.
According to the our prediction, exometabolite chelators of anaerobic microorganisms may increase the mobility of metals and thereby
contribute to the active transport of metals and their accumulation in plants. Plants of Nicotiana tabacum L. of Djubek cultivar were used
as plant material for the current investigation. The examined toxicants were heavy metals, namely cobalt (II), nickel (II), chromium (VI),
copper (II) and cadmium (II). The aqueous solutions of metal salts were added to the boxes after two months of plants growing to the final
super-high concentration — 500 mg/kg of absolutely dry weight of soil. Quantitative assessments of copper and chromium-resistant mi-
croorganisms were made by cultivation on agar nutrient medium NA with a gradient of Cu(II) and Cr(VI). The concentration of metals in
soil and plant material (leaves, stems and roots) was determined by atomic absorption method. The study revealed that heavy metals
inhibited the growth of the examined tobacco plants. This was expressed by the necrosis of plant tissues and, ultimately, their complete
death. Despite this, all investigated heavy metals were accumulated in plant tissues during 3—7 days before death of plants. The uptake of
metals was observed in all parts of plants — leaves, stems and roots. The highest concentrations of Co(II), Ni(II), Cd(Il), Cr(VI) were found
in the leaves, Cu(Il) — in the roots. The results show that the bioremoval efficiency of the investigated metals ranged 0.60-3.65%. Given
the super-high initial concentration of each of the metals (500 mg/kg), the determined removal efficiency was also high. Cadmium was
the most toxic to plants. Thus, the basic points of the thermodynamic prognosis of the possibility of accumulation of heavy metals by
phytomicrobial consortium were experimentally confirmed on the example of N. tabacum plants and metal-resistant microorganisms.
The study demonstrated that despite the high initial metals concentration, rate of damage and death of plants, metals are accumulated
inplant tissues in extremely hight concentrations. Soil microorganisms were observed to have high adaptation potencial to Cu(Il) and
Cr(VI). In anaerobic conditions, microorganisms presumably mobilize heavy metals, which later are absorbed by plants. The obtained
results are the basis for the development of environmental biotechnologies for cleaning contaminated soils from heavy metal compounds.

Keywords: thermodynamic prognosis; heavy metals contamination; metal-resistant microorganisms; environmental biotechnology.

flushing as well as electrical vitrification (Liu et al., 2018). Over the last
decade, there has been a significant rise of interest in biological methods of

Contamination of soils with heavy metals is one of the most pressing
problems of our time (Masindi & Muedi, 2018). It leads to reduction of
soil fertility, destruction of natural ecosystems and detrimental effects on
the health of society through the circulation in the food chain between
microorganisms, plants, animals and humans (Xiao et al., 2017). The
natural and anthropogenic processes are the main sources of metal pollu-
tion (Aleksandra, 2011). The first type includes erosion and weathering of
the underlying bedrock (Aleksandra, 2011). The second includes human
industrial activities, in particular industrial metals mining (Fashola et al.,
2016; Sun et al., 2018) and the use of metal-containing pesticides and
fungicides to control agricultural diseases (Husak, 2015). The methods of
soil remediation are divided into ex situ and in situ treatments (Liu et al.,
2018). The solidification, thermal vitrification, soil washing and landfilling
belong to the ex sifu group (Khan et al., 2004; Liu et al., 2018). These
methods require significant costs and do not guarantee complete remedia-
tion of the contaminated sites (Wang et al., 2016). In sifu methods are
more common and require no special equipment for transportation and
processing, but they are only suitable for treating small areas of contami-
nated soils. They include surface capping, electrokinetic extraction, soil

soil treatment, in particular bioremediation and phytobioremediation
which also belong to the in situ group (Liu et al., 2018).

Research on approaches to soil bioremediation was intense in the
1990-2000s (Sims et al., 1990; Romantschuk et al., 2000; Brygadyrenko
& Ivanyshyn, 2015; Shulman et al., 2017; Kozak & Brygadyrenko,
2018). Onssite soil bioremediation can decrease sediments, contamina-
tions of groundwater, surface water and nearby agricultural lands, as well
as restore the functioning of natural ecosystems in areas of metal ore min-
ing. Bioremediation can be especially promising if used as complex bio-
technology including physical, chemical, and biological processes (Sims
et al., 1990). However, each method of soil treatment still requires further
detail research to improve the efficiency of soil remediation.

Bioremediation comprises bioaugmentation, mycoremediation, cya-
noremediation and biostimulation based on the use of microorganisms as
the main biotechnological agents and phytoremediation (using of plants)
(Mani et al., 2014). Phytobioremediation is one of the most promising and
cost-effective methods of clean-up of soils from toxic metals (Mani et al.,
2014). According to contemporary researchers, plants have the genetic
potential to remove heavy metals from contaminated sites (Marques et al.,
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2009; Khan et al., 2021). Plants are able to accumulate soluble forms of
toxic metals together with micro- and macronutrients (Mani et al., 2012;
Dinu et al., 2020). The use of plants which are resistant to various abiotic
stresses (drought, high and low temperatures) in phytoremediation pro-
cesses may be especially promising for the development of effective envi-
ronmental biotechnologies. For this purpose, it is promising to use tobacco
plants (Nicotiana tabacum L.), which have recently been studied for their
resistance to various abiotic factors (Sun et al., 2020). Tobacco plants are
resistant to high concentrations of salts and also have molecular genetic
determinants of active transport of minerals into plant tissues (Sun et al.,
2020). Given their resistance to stress and the ability to accumulate a varie-
ty of ions, N. tabacum plants are highly promising for phytobioremedia-
tion of ecosystems.

However, the transformation of metal compounds in different habitats
is carried out not only with the participation of plants, but also with the
participation of associated microorganisms of the rhizosphere and rhizo-
planes. Microbial communities are the first to contact and interact with
metals when they are introduced into the biotopes. Different domains of
microorganisms (bacteria and fungi) have already been studied for the
ability to remove heavy metals from different environmental niches. Bac-
teria species Bacillus cereus (Dong et al., 2013), Pseudomonas veronii
(Havryliuk et al., 2020), Escherichia coli (Volentini et al., 2011), Cupria-
vidus gilardii (Yang et al., 2017) etc. as well as fingi Penicillium canes-
cens (Say et al., 2003), Aspergillus versicolor (Tastan et al., 2010) have
significant potential for soil remediation. Under the anaerobic conditions,
microorganisms are able to synthesize organic acids (metal chelators) that
increase the mobility of heavy metals in soils and make them available for
active transport and further accumulation in plants. Thus, the development
of effective biotechnologies for environment bioremediation needs to
apply complex phytomicrobial approaches based on the use of both mic-
roorganisms and plants.

Material and methods

The method of thermodynamic prediction (Tashyrev et al., 2018) was
used to theoretically substantiate the mechanisms of interaction between
plants and heavy metals. Plants of N. tabacum of Djubek cultivar were
used as a plant material for current study (Fig. 1).

Fig. 1. Nicotiana tabacum L. plants of Djubek cultivar

Before the experiment, we determined soil moisture. For this purpose,
500 g of moist soil was dried in the constant temperature (105 °C) for
3 hours. After complete drying, the conversion factor of moist soil mass
(k) to absolutely dry mass (ADM) was determined. Heavy metal salts,
including oxidizing metal — Ct*" in form K,CrO,, replace metals — Co**
(CoCly) and Ni*" (Ni(NO;),'6H,0), Cd** (CdCl,2.5H,0), and metal of
comprehensive action, which combined the negative properties of oxidi-
zing and substitute metals — Cu”> (CuSO,5H,0) were used as representa-
tive metals. The plants were grown in plastic boxes with soil outdoors in
summer. The aqueous solutions of metal salts were added in the boxes
after the plants had grown in two months up to the final super-high con-
centration — 500 mg/kg of absolutely dry weight of soil. Anaerobic condi-
tions in the soil were achieved by increased watering. Under such condi-
tions, the ground air between the soil particles was replaced by water and
led to oxygen deficiency. Accordingly, the metabolism of soil microor-
ganisms shifted towards anaerobiosis, which manifested in decrease in pH
and active synthesis of organic acids, which are chelators of metals and
cause their mobilization. Plants were removed from contaminated soil two
weeks after the introduction of solutions of metal salts. After removing the
tobacco plants, they were thoroughly washed under a stream of cold water

to completely clean them from the soil and then dried with filter paper.
Assessment of metal-reristant microorganisms was made on example of
copper and chromium-resistant microorganisms. It was conducted by
cultivation on surface of agar nutrient medium NA (HiMedia Laboratories
Pvt. Ltd., India) with the gradient (0500 ppm) of Cu(II) and (0-350 ppm)
Cr(VI) with a concentration step of 50 ppm. For this purpose, solutions of
copper sulfate (CuSO45H,0) and potassium chromate (K,CrO,) were
added to the melted NA medium. Microorganisms were estimated using
tenfold dilution method (Taylor, 1962). To obtain isolated colonies, a
series of tenfold dilutions of both control and experimental soil samples
were prepared in sterile saline (0.85% NaCl). Plates with sterile agar me-
dium (HiMedia) and examined metals were pre-prepared and dried.
The appropriate dilution of soil (0.2 mL) was added by a sterile pipette on
the surface of the nutrient medium and distributed with a sterile glass
Drygalsky spatula. Microorganisms were cultivated at the temperature of
30 °C. The number of microorganisms was determined after 10 days by
direct count of colonies in the plates. The number of microbial cells (M) in
1 mL of suspension was calculated using the formula: M = a'100/V,
where M — the number of colony-forming units in 1 mL (CFU/mL); a —
the average number of colonies grown on the plate; 10n — dilution factor;
V — volume of suspension (mL). The amount of microorganisms in milli-
liters was converted into the amount in grams of absolutely dry soil.

The effect of Cr(VI) and Cu(I) on microbiomes of control (without
addition of metals) and contaminated soils were determined by comparing
the number of colonies of microorganisms on control plates and plates
with metals.

The concentrations of metals in soil and plant material (leaves, stems
and roots) were determined by atomic absorption method. Preparation of
soil and plant samples for atomic absorption analysis was conducted as
follows. Soil and plant samples were dried at 20 °C and then ground in a
porcelain mortar. Ashing of plant samples was performed in two stages.
The first was carried out on the stove, by gradually adding concentrated
H,SO,. After cessation of white H,SO, vapours, the samples were placed
in a muffle heated to 250 °C. After two hours, the temperature was
brought to 450 °C and ashed to "grey" ash. The stripping process lasted
from 24 to 30 hours, depending on the type of samples. Crucibles with ash
were filled with 10 mL of HNO; (1:1) and left ovemight. The next day,
the residues on the crucibles were transported to the clean test tubes.
To prepare extracts from the soil, 10 g of soil samples were added to
250 mL flasks. The Mora pipette was filled with 100 mL of ammonia-
buffer mixture and left for one day. To prepare the ammonia buffer solu-
tion (pH =4.8), 54 mL of glacial acetic acid and 37.5 mL of 25% NH,OH
were added to 400 mL of H,O. A day later, the samples were filled with
ammonia-buffer solution, filtered through a paper filter into 100 mL
flasks, adjusted to the volume of 100 mL with ammonia-buffer mixture.
The metal concentration was determined using a C-115 M1 spectrometer
with a flame atomizer. The efficiency of metal removal (X, %) from con-
taminated soil was determined as the ratio of the total metal content accu-
mulated in the plant (Me,,, mg) to the initial metal content in the soil
(Meg,j, mg) by formula: X = (Meyne 100%) Meg;.

The experiment with microorganisms was performed in triplicate.
Standard deviation (SD) and average values (x) were calculated. Signifi-
cance of difference between average values in the studied N. tabacum
plants was determined using ANOVA and post-hoc tests (Bonferroni
correction).

Results

The bioremediation potential of microbial communities of the exami-
ned soils was studied on the examples of Cu(II) and Cr(VI) actions. It was
found that the microbial communities of the soil were resistant to com-
pounds of both metals. Thus, the maximum permissible concentration
(MPC) of microorganisms in the control and test samples of soils contain-
ing Cu(Il) was the same — 500 ppm (Fig. 2). At this concentration, the
amount of living microbial cells was high — (3.8 + 0.76)10* CFU/g and
(72 +0.3)10° CFU/g (Fig. 2). Thus, the studies revealed high adaptation
potential of the soil microorganisms to toxic Cu(II) compounds, as well as
the absence of its negative impact on the microbial communities of the soil
in the concentration of 500 ppm. We can pressume that the absence of the
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effect of highly toxic copper on microorganisms may indicate that Cu®" is
partially precipitated to insoluble and low-toxic compounds (Cu(OH),|,
CuCO0s]) when introduced into soil. The concentrations of soluble Cu(IT)
compounds in the soil as well as their detrimental effects decrease during
this process.
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Fig. 2. The effect of toxic soluble copper () and chromium (b)
compounds on soil microorganisms: blue lines — response of
microbiome of control soil; red lines — response of microbiome
of metal contaminated soil (x £ SD, n=3)

At the same time, the microorganisms of the studied soil were also re-
sistant to Cr(VI) compounds. Thus, the MPC of microorganisms of the
control soil to Cr(VI) was 320 ppm (Fig. 2). At this concentration the
amount of living microbial cells was very high — (1.2 + 0.19)-10* CFU/g
(Fig. 2). The microbial communities that were isolated fiom the experi-
mental soil with Cr(VI) were less resistant to its compounds (MPC =
200 ppm Cr(VI)). At MPC concentration, the amount of living microbial
cells was (3.9 +0.36)10° CFU/g (Fig. 2).
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Thus, chromium compounds inhibited the activity of microorganisms
directly in the soil, because the results also showed that the total number of
living microorganisms in the control soil was 1.6 times higher (1.9 +
0.08)10° CFU/g) than in the soil the chromium was introduced to (1.2 +
0.01)10° CFU/g). We can pressume that microorganisms showed resis-
tance to toxic metals, so in anaerobic conditions, they probably were not
only resistant to metals, but also mobilized them. The mobilization led to
the active transport of metal ions into plants and their accumulation in
plant tissues. It was shown that heavy metals inhibited the growth of the
examined tobacco plants. This was expressed by the necrosis of plant
tissues and, ultimately, their complete death (Fig. 3).

o R ISR \
Fig. 3. Detrimental effect of Cr(VI) on Nicotiana tabacum L. plants:
a— growth before Cr(VI) addition; b —leaves before Cr(VI) addition;
c—3rd day of growing after Cr(V1) addition;
d— areas of leaves affected by Cr(VI)
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Fig. 4. Accumulation of cobalt (@), nickel (b), chromium (c), copper (d) and cadmium (e) in the different parts of Nicotiana tabacum L. plants:
orange columns — leaves; yellow columns — stems; green columns — roots (x £ SD, n=5); P < 0.05 with Bonferroni correction

Despite this, all examined heavy metals accumulated in the plant tis-
sues during 3—7 days before death of plants. Their uptake was observed in
all parts of plants — leaves, stems and roots. The highest concentrations of
Co(I), NiI), Cd(II), Cr(VI) were found in the leaves and ranged
1,705.8 + 424.9 to 11,405.8 + 1,848.2 mg/kg, and Cu(ll) — in the roots,

which was 8,491.6 £ 1,241.2 mg/kg of absolute dry weight (Fig. 4).
The concentration of Cd in the stems was the lowest and amounted to
5452 + 142.8 mg/kg. The other metals accumulated in the stems of to-
bacco in much higher quantities. Thus, the concentration of Cr(VI) was
74 times higher, accounting for 4,043.6 + 700.9 mg/kg, and the concen-
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tration of Ni(Il) exceeded the concentration of cadmium by as much as
16 times (8,509.8 + 1,828.2 mg/kg). The obtained results indicate a signi-
ficant potential of plants for application in environmental biotechnologies.
It should be noted that all the investigated metals were very toxic and
completely destroyed the plants. But, the most toxic of all metals was
cadmium. Its smallest amount (from 5452 + 142.8 to 1,705.8 +
424.9 mg/kg) accumulated in all parts of the plant. In addition, the least
intense accumulation of cadmium can be caused by inhibition of growth
of plants and blocking of differentiation of the apical meristem of the
stems.

It was found that 62.3-79.0% of the total metal content accumulated
in the tobacco leaf (64.0 = 8.3% of Ni(Il), 62.3 + 8.9% of Co(Il), 69.3 +
94% of Cr(VI), 79.0 + 84% of Cd(Il)). However, the distribution of
copper was different from the other metals. Thus, the most copper accu-
mulated in the stems (53.6 £ 11.9%), the least — in the leaves (10.2 £
2.3%, Fig. 5). This may be related to slower transport of Cu(Il) into plant
tissues. Thus, the plants had no time to accumulate enough metal in the
leaves due to rapid damage and death. However, the level of distribution
of other metals in the roots was very low. Therefore, only 2.9 + 0.6%
Ni(II), 5.0 £ 1.5% Co(II) and 10.5 + 2.5% Cd(II) accumulated in the roots.

Efficiency of bioremoval of the examined metals ranged 0.6 + 0.2%
to 3.7 = 0.6% (Fig. 6). Given the super-high initial concentration of each
of the metals (500 mg/kg), the determined removal efficiency was also
high. We may pressume that the bioremoval efficiency will be higher at
lower concentration of metals in soil. Cadmium was the most toxic to
plants. The rate of plant death under the influence of cadmium was the
highest. That is why the concentration of accumulated cadmium in tobac-
co plants was the lowest.

Discussion

For the most part, microbiologists study the reaction of microorga-
nisms, and botanists study the reaction of plants in the context of impact of
metals on the functioning of biotopes. However, methodologically this is
incorrect because metals that ingress into soil interact with both metals and
plants. Undoubtedly, the removal of compounds of heavy metals is carried
out consistently by microorganisms and plants. After introduction of so-
luble compounds of metals to the soil, some of the ions precipitate due to
interaction with soil compounds. For example, in neutral and slightly
alkaline soil, solutions of Cu** soluble cation is precipitated: Cu** + 20H"
— Cu(OH),|. But when the soil is flooded, anaerobic microorganisms
decrease the pH, leading to fermentation of organic substrates to final
products (organic acids) that are metal chelators: C¢H,Og + 2H,0 —
2CH;COO™ + 2H' + 4H, + 2CO,. Protons and organic acids convert
copper hydroxide into soluble compounds: Cu(OH),| + 2H" — Cu*" +
2H,0 and 2Cu(OH),| + 2CH;COO™ — 2Cu(CH;COO), + H,O. After
that plants are able to accumulate soluble metal compounds. Active trans-
port of toxic metals into plants is based on the stereochemical analogy of
metals and macroelements. Macroelements are the ions that are necessary
for the metabolism of both microorganisms and plants, they are: K, Na®,
Mg, Ca*, SO, NOy™ etc. They are actively absorbed by active trans-
port systems of the plant. Stereochemical analogy is the similarity or equa-
lity of the ionic radii of toxic metals and macroelements. For example,
Cu?" is a stereochemical analogue of Mg?", for they have the same ionic
radius, equaling 0.075 nm. That is why acceptor and transport systems of
plants are mistaken and “swallow”” toxic metal Cu*" together with neses-
sary macroelement Mg*". All other investigated heavy metals are also ste-
reochemical analogues of macroelements. For example, chromate (Cr042§
is the analogue of sulfate (SO*), they have the ionic radii of 0.3 nm and
therefore chromate is transported and accumulated by plants together with
sulfate. Thus, we develop the general theoretical approach to choose the
optimal pathways of interaction microorganisms and plants with heavy
metals.

Our approach is confirmed by numerous publications involving both
microorganisms and plants in the ability to transform metal compounds.
It has long been known that macroelements are necessary for plant meta-
bolism (Pogrzeba et al., 2018) and are actively absorbed by plant transport
systems (Tripathi et al., 2014). By the mechanism of stereochemical ana-
logy, metal ions are absorbed by mechanisms of common transport with

macroelements. Metals can exist in the soil as discrete particles or can be
associated with different soil components, including free metal ions and
soluble metal compounds in the soil solution, exchangeable ions sorbed
onto inorganic solid phase surfaces, nonexchangeable ions and precipita-
ted or insoluble inorganic metal compounds (carbonates, phosphates, etc.),
metals complexed by soluble or insoluble organic material, and metals
bound in silicate minerals (Marques et al., 2009). Microorganisms are
those mobilizing insoluble metal compounds. Therefore, the plants are
able to bioremove them from the soil.
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Fig. 5. Distribution of cobalt (@), nickel (b), chromium (c), copper (d),
cadmium (e) in different parts of plants: green sections —leaves;
blue sections — stems; yellow sections — roots (x = SD, n=15)
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Fig. 6. Effectiveness of the metals removal by Nicotiana tabacum L.
plants (x+ SD, n = 5); P <0.05 with Bonferroni correction
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Heavy metals are among the most hazardous pollutants of the envi-
ronment. The main sources of metal pollution are industrial activities (Raj-
banshi, 2009), metal ore mining sites (Bhuiyan et al., 2010), and uncon-
trolled overuses of pesticides (Husak, 2015). Contamination of such heavy
metals as Pb, Zn, Cu, Mn, Ni, and Cr was detected in soils of the Roztocze
National Park forest (SE Poland). Content of metals in the surface layers
exceeded their content in the parent material by tens of times. This distri-
bution of heavy metals in the studied soils was related to the influence of
both local and distant sources of anthropogenic emission (originating from
transport as well as emissions of pollutants from distant industrial centres,
accumulation of particulate deposition from iron ore transported by the
railway). In this anthropogenic ecosystem, the concentration of Pb reached
238.3 mg/kg, and Cu— 62 mg/kg (Mazurek et al., 2017).

The territories of Ukraine are also significantly affected by man-made
load and extremely saturated with industrial and mining enterprises (there
are more than 1.5 thousand of them), and have an extensive network
(more than 165 thousand km) of roads (Dovgalyuk, 2013). High concen-
trations of heavy metals were found in the soils of urban areas of almost all
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of Central and South-Eastem Ukraine. According to the State Statistics
Committee of Ukraine for 2009-2010, the soils of the cities of Vinnytsia,
Mariupol and Poltava were the most polluted (Dovgalyuk, 2013). Signifi-
cant pollution with heavy metals was also observed in the areas of metal
ore deposits and in places of their industrial mining (Tang et al., 2017).
Densely populated regions of Nigeria are places of ecological disasters.
Thus, the soils of the uncontrolled mining site at Dareta village, Zamfara,
Nigeria are moderately polluted with Cr, Ni, Pb, Fe, Cu, Cd, and Mn.
The results shows that there is increased concentration of Cr (14 mg/kg of
soil) in one of the resident soils of investigated site of Dareta village (Su-
laiman et al., 2019). Results of Ukah et al. (2019) revealed that Cu is the
most prevalent heavy metal, contaminating 85.7% of the analyzed sam-
ples of ground water of an industrial area of Lagos, Nigeria (Ukah et al.,
2019).

The studies already revealed that plants growing in contaminated
areas are able to accumulate heavy metals in plant biomass (Dinu et al.,
2020). The pattems of uptake of heavy metals by plants of Ocimum basili-
cum L. were investigated. The metals concentrated differently in the plant
organs: Cd, Co, Cr, and Pb accumulated in roots, while Cu, Ni, and Zn
concentrated in flowers. Excessed toxic levels of Cr and Pb were in the
roots. Basil flowers intensively accumulated Cu and Zn, the concentra-
tions of which was 16 and 80 mg/kg respectively. Co and Pb concentrated
intensively in the roots, equaling 2.6 and 28 mg/kg respectively. This
study revealed that Ocimum basilicum L. plants in metal stress conditions
had a great phytostabilization potential (Dinu et al., 2020). Dhiman et al.
(2017) in their study demonstrated the hyperaccumulation capacity of
sunflower (Helianthus annuus 1.) biomass by cultivating these plants in
various concentrations of metal contaminants. Sunflowers were grown in
soils contaminated with high levels of heavy metals (10-2000 mg/kg dry
soil). In the case of Ni, As, and Cd in low concentrations (10-100 mg/kg
dry soil), Cd** (161 mg/kg dry weight) accumulated the most in sunflower
leaves and flowers, whereas the stems concentrated only 78.4 mg/kg of
dry weight. Similarly, for Ni and As, the flowers and leaves were obser-
ved to have higher phytoremediation capacity than the stems. Thus, the
concentration of Ni in leaves and flowers was 99.1 mg/kg of biomass at an
initial concentration in soil — 100 mg/kg. The levels of Cu and Cd accu-
mulation in the leaves and flowers were also high, measuring 75.3 mg/kg
and 161 mg/kg during growth in contaminated soil containing 450 mg/kg
Cu and 100 mg/kg Cd, respectively (Dhiman et al., 2017). Plants of Bras-
sica juncea L. were identified as potential candidates for soil bioremedia-
tion. The studies revealed that Indian mustard accumulated Cd and Pb in
the shoots and roots in the range of concentrations of 2.43 +0.00 to 0.31 +
0.02 mg/kg and 2.94 + 0.05 to 0.44 = 0.03 and 5.33 £ 0.76 to 047 = 0.20
and 3.78 £0.06 to 0.16 = 0.08 mg/kg (Gurajala et al., 2019).

Tobacco plants (Nicotiana tabacum L.) have already begun to be stu-
died as environmentally friendly, as they are tolerant to abiotic stresses and
have the genetic potential for bioremoval of salts and metals ions from
soils (Sun et al., 2020). Despite the ability to accumulate metals, tobacco
plants were adversely affected by vanadium. Vanadium induced oxidative
stress in the growth of tobacco, as indicated by rapidly increased foliar
H,0, and O, . Tobacco growth was significantly inhibited at > 2.0 mg/L
V dosages. However, the plant can effectively alleviate the oxidative stress
induced by vanadium by activating its antioxidant defense system (en-
zyme and non-enzyme). Thereby, the plant has the potential to be used as
a phytostabilizer for in sifu remediation in the vanadium-contaminated
environment. Thus, the total uptake amounting to 4.4, 14.6, 65.3, 157.9,
and 293.5-10~ mg of vanadium per plant were obtained at 0.0, 0.1, 0.5,
2.0, and 4.0 mg/L V treatment, respectively (Wu et al., 2021). Molecular
genetic approaches are used to increase the resistance of tobacco plants to
heavy metals. Thus, the AtACR2 gene (arsenic reductase 2) of Arabidop-
sis thaliana was introduced into the genome of tobacco (Nicotiana taba-
cum, var Sumsun). The results revealed that the transgenic tobacco plants
are more resistant to arsenic compared with wild-growing plants. These
plants can grow on culture medium containing 200 puM arsenate. The ar-
senic content in the roots of transgenic tobacco plants was significantly
higher (2,400 pg/g d. wt.) than that (2,100 pg/g d. wt.) observed in roots of
wild plants (Nahar et al., 2017).

Despite the high potential of different plant species for bioremediation
of the environment, we argue that an integrated approach is needed to

develop effective environmental biotechnologies. Thus, the transformation
of metal compounds in the soil occurs not only with the participation of
plants, but also with the participation of associated microorganisms of the
rthizosphere and thizoplanes (Marques et al., 2009; Li et al, 2019).
The participation of microorganisms in the transformation of metal com-
pounds in soils is both their mobilization by metabolite chelators and
immobilization (reduction to insoluble non-toxic compounds, accumula-
tion as well as precipitation in the form of insoluble oxides, hydroxides,
carbonates, sulfides etc.). Because of the ability to mobilize metals in soil,
microorganisms make them available to phnats. Therefore, it is necessary
to study the mechanisms of interaction of metals with both plants and
microorganisms. It was shown that Aspergillus versicolor was able to
accumulate compounds of Ni(II), Cu(Il) and Cr(V1 at the initial concentra-
tion of 50 ppm. Optimum pH values of the maximum heavy metal bioac-
cumulation were determined to equal 6 for 50 ppm of Cr(VI), Ni(Il) and
5 for Cu(Il) ions with 99.9%, 30.1% and 29.1% removal yield, respective-
ly (Tastan et al., 2010). Also, different types of microorganisms are able to
reduce heavy metal compounds, which can also be used in soil bioreme-
diation. For example, in the reduction reaction of soluble chromium com-
pounds, trivalent chromium hydroxide (CrO;~ — Cr(OH)) is insoluble
in water and organic acids, and soluble only in concentrated mineral acids.
The solubility level of chromium compounds at 25 °C is 6.3-10™". There-
fore, during cleanup of soil from toxic Cr(VI) compounds, it is optimal to
convert it into insoluble and non-toxic hydroxide directly in soils, because
moisture and microbial exometabolites are unable to mobilize it. For
example, Pseudomonas stutzeri was able to reduce Cr(VI) compounds
(Sathishkumar et al., 2017). Bacillus brevis was resistant to elevated
Cr(VI) levels and may potentially reduce it in short time from in the envi-
ronment where other metal ions are also present in addition to chromium
ions (Verma et al., 2009). According to the thermodynamic prognosis, the
optimal way of soil bioremediation is the mobilization (bioleaching) of
heavy metals by microorganisms with subsequent uptake by plants.
Therefore, the study of the mechanisms of metal resistance and their mic-
robial mobilization is extremely important. The ability to mobilize metals
is used not only in environmental but also in industrial biotechnology for
extraction of metal ores. For example, extremophilic metal-resistant bacte-
ria (Acidithiobacillus ferrooxidans) and archaea (Sulfolobus metallicus)
are used in industrial biomining processes to extract copper, gold and other
metals (Orell et al., 2010). Despite the presence of a significant amount of
separate studies on the use of both microorganisms and plants in ecologi-
cal biotechnologies, the mechanisms of joint removal of heavy metals
from soils by phytomicrobial communities are almost unexplored.

Conclusion

Thus, the basic points of the thermodynamic prognosis about the pos-
sibility of interaction between phytomicrobial consortia and heavy metals
were experimentally confirmed. Quantitative pattemns of distribution of
toxic metals in plant tissues of Nicotiana tabacum L. plants were experi-
mentally studied. The studies revealed that despite the high initial concentra-
tion of metals, rates of damage and death of plants, they accumulate them in
the tissues in extremely high concentrations. The high adaptation potential of
soil microorganisms to Cu(Il) and Cr(VI) were demonstrated. We can pres-
sume that in anaerobic conditions microorganisms mobilize heavy metals,
which then are absorbed by plants. The obtained results can serve as the
basis for the further development of environmental biotechnologies for
clean-up of contaminated soils from compounds of heavy metal.

The study was funded within the findamental research theme of the National Aca-
demy of Sciences of Ukraine on the subject #06.80 “Properties of extremophilic
microorganisms and their biotechnological potential”” in 2016-2020.
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