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Copper is a highly toxic metal common in both natural and man-made ecosystems. The goal of the work
was to determine the level of resistance of microorganisms of natural ecosystems to cationic form and
organometallic complex of Cu?’. Microorganisms of 9 natural ecosystems of five geographic zones (the
Antarctic, the Arctic, the Dead Sea (Israel), middle latitude (Ukraine) and the equatorial zone of South
America (Ecuador) were investigated. Resistance of microorganisms was determined by cultivation in the
medium with concentration gradient of Cu?’. The amount of Cu?*-resistant microorganisms in natural
ecosystems was determined by colony counting on nutrient agar with Cu?* citrate and Cu®" cation. The
Cu(II) concentration in soil and clay samples was analyzed by atomic absorption spectroscopy method. We
have confirmed the hypothesis that microorganisms resistant to toxic Cu?* compounds in high concentra-
tions exist in any natural ecosystem. The resistance to Cu?" cation was 8-31 and 14-140 times less than
to Cu?" citrate in nutrient and mineral agar media respectively. The amount of Cu?'-resistant microor-
ganisms in natural ecosystems reached hundreds and thousands at the presence of 175-15 500 ppm Cu?*.
Thus, the soils, clays and sands of natural ecosystems are a “genetic resource” of copper-resistant micro-
organisms that are promising for development of novel biotechnology of purification of copper-contai-
ning wastewater and soil bioremediation.
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Copper is a necessary trace element for
microorganisms, but in high concentrations
it is a toxic metal [1]. The origin of metal ores
on the Earth is associated with the activity
of microorganisms. The role of bacteria in
the formation of the so-called sedimentary
copper ores [2] and the phenomenon of
copper resistance [3] were described in the
middle of XX century. Copper compounds
are common in both natural and man-made
ecosystems [4]. Deposits and mines, industrial
enterprises as well as agricultural activity
are the main sources of copper pollution
[5, 6]. The concentration of copper reaches
tens of grams per 1 kg of soil in places of
contamination [7]. The investigation of copper-
resistant microorganisms (CRM) has both
theoretical and applied significance. These
microorganisms are able to extract copper(II)

compounds from solutions by the following
mechanisms, such as accumulation in cells,
precipitation of Cu?" in forms of Cu(OH)y,
CuCO4l and also reduction to insoluble
compound Cu,0J [8]. We assume that these
properties were inherent in microorganisms
at ancient time during the formation of
copper minerals. Now they are promising
for the development of biotechnologies for
purification of copper industrial sewage and
contaminated ecosystems.

Thus, CRM are important in the
biogeochemical cycles of copper compounds
transformation in natural ecosystems.
Based on this, on our opinion, they must
be present in both natural and man-made
ecosystems in large amounts. The efficiency
of transformation of copper compounds
depends on both its concentration and the
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amount of CRM. Therefore, the quantitative
determination of CRM in natural ecosystems
complements the theoretical knowledge about
their contribution to the functioning of
biogeochemical cycles. Natural ecosystems are
separate from man-made pollution and contain
trace concentrations of toxic heavy metals,
including copper [9]. However, we suppose
that natural ecosystems contain copper-
resistant microorganisms, because adaptation
to high concentration of heavy metals and
interaction with them are ancient properties
of microorganisms.

In this regard, the purpose of our work
was to estimate the amount of CRM in natural
ecosystems of different geographical zones of
the globe. In general, to prove CRM widespread
distribution in natural ecosystems.

Materials and Methods

Microorganisms have been isolated from
9 natural ecosystems of five geographic
zones. These zones included the Antarctic, the
Arctic, the Dead Sea (Israel), middle latitude
(Ukraine) and the equatorial zone of South
America (Ecuador). The samples were collected
in sterile zip bags and transported after being
placed in containers with salt and ice (the
ratio of 1/1) to stabilize a low temperature
(= 18...— 9 °C) during samples transportation.
After transportation to the laboratory, the
samples were stored at —20 °C [10, 11]. This
technique minimized the decrease of viable
microorganisms.

Microorganisms resistant to Cu(Il) were
detected by their ability to grow on the agar
nutrient medium (NA, HiMedia Laboratories
Pvt. Ltd., India) and agar mineral medium
(MM) with Cu(II) compounds.

Two modifications of copper(II) compounds
were used in the experiments to compare the
resistance of microorganisms to cationic form
and to organometallic complex of Cu(II). The
first modification was the soluble cation Cu?".
It was added into the nutrient medium in the
form of a copper sulfate salt CuSO,.

The second modification was the soluble
organometallic complex of Cu?" with three
substituted sodium citrate — [Cu®*xNaycit].

The solubility of [Cu?'xNascit] in the
nutrient agar (NA) was 15 500 ppm, and non-
chelated form of Cu?" (CusSO,) — 1100 ppm.
The solubility of Cu?" in the mineral medium
depended on the sulfate content. The
composition of the mineral medium included
(g/L): NH,C]l — 1.0; Na,SO, — 0.5; K,HPO, —
0.5; C4gH;,04 — 5.0; agar — 20. The phosphate
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content was reduced because at its higher
concentration, Cu?' precipitated.

The solution of 40 000 ppm Cu?" was used
as the stock. It was prepared by CuSO,-5H,0
dissolving in distilled water in a volumetric
flask. To obtain copper citrate, after complete
dissolution of the sulfate, citrate crystals were
added to the copper solution.

The 25.0 ml of agar medium with Cu?* in
citrate or sulfate forms and copper-free control
medium were added to the plates. The plates
kept for 2 days at 25 °C to check the sterility
and drying of agar surface. For inoculation
of microorganisms, ten-fold dilutions of the
sample were prepared, of which 0.2 ml of a
suspension of microorganisms (nx107%) was
inputted on the agar surface and rubbed with
a spatula. Copper-free medium was used as a
control. Microorganisms were cultured at 30 °C
for 10 days. The amount of microorganisms
was calculated on their content in 1 g of
completely dry soil [12].

According to our definition, homeostasis is
the stable existence of microorganisms under
the action of extreme factors.

A maximum permissible concentration
(MPC), the amount of copper-resistant
microorganisms (CFU/g), as well as
concentration coefficient of resistance (Kg)
served as the representative quantitative
indicators of homeostasis. They characterize
the adaptation potential of microbiomes to the
action of toxic Cu(II).

A maximum permissible concentration
(MPC) corresponds to a maximum
concentration at which the growth of
microorganisms is still possible.

A colony-forming unit (CFU) is a unit used
in microbiology to estimate the amount of
viable bacteria or fungal cells in a sample [12].

The concentration coefficient of resistance
(KR) characterizes how much time the MPC of
toxic metals for microorganisms exceeds their
content in the habitat. The coefficient Ky was
determined by the formula:

Ky, = MPC:C

where MPC — a maximum permissible
concentration of Cu(Il); C — concentration of
soluble copper in research sample.

A reference content of soluble copper in
soils (3 mg/kg) was used for Ky calculation
for microorganisms of “Atlantida” karst cave
[18, 19].

Resistance of microorganisms was
determined by cultivation in the medium
with concentration gradient of Cu?". The
concentration gradient differed during
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cultivation of different microbiomes. For
example, for cultivation of “Optymistychna”
cave microorganisms, gradient ranged from
200 to 4 000 ppm Cu?" with a step — 200 ppm.
The Cu?" concentration in the nutrient medium
was increased with different steps. The
minimum step was 1 ppm, the maximum —
500 ppm. The amount of Cu?"-resistant
microorganisms in natural ecosystems was
determined by colony counting on nutrient
agar with [Cu?"xNascit] and Cu®" cation.
The Cu(Il) concentration in soil samples of
different geographical zones was analyzed
by atomic absorption spectroscopy method
[13]. Accumulation of Cu(Il) in colonies was
confirmed by H,S test [14]. The essence of
the method is a visualization of Cu?" that
accumulated in colony by H,S. The presence
of Cu?' in the colonies was evidenced by the
appearance of dark brown or black Cu(II)
sulfide — CuSJ{ after treatment by H,S. The
reduction of Cu(II) was shown by appearing of
brown color due to the formation of insoluble
Cu,OV in colonies [8].

Results and Discussion

All investigated ecosystems were differed
by complex of extreme factors (high and low
temperatures, high salinity, UV radiation,
etc.). Ecosystems of the Arctic and Antarctic
are characterized by the effects of very low
temperatures, ranging from — 40 ... + 6 °C.
Ecosystem of the Dead Sea are characterized
by exposure to excessive UV-radiation, as
well as high temperatures — up to 40-50 °C.
Ecuadorian ecosystem has also been affected
by high temperatures up to 50 °C. Despite the
temperature difference, the intensive effect
of UV-radiation is common for Arctic and

Antarctic, as well as Ecuador and the Dead
Sea ecosystems. Unlike above named extreme
ecosystems, cave ecosystems are free from
the effects of extreme factors. For example,
karst caves ecosystems “Optymistychna”
and “Atlantida” were isolated from any man-
made contaminants and characterized by the
influence of temperate low temperatures
(12—-14 °C) as well as complete absence of toxic
metals (Cu?" in particular) and UV radiation.
Natural ecosystems were shown to contain
Cu(II) in trace concentrations ranging from
7.6 to 27.2 ppm (mg/kg) of sample (Table 1).
Thus, the lowest concentration of copper
was observed in the sample from the Dead
Sea, the highest — in the ecosystem of the
“Optymistychna” karst cave (Table 1).

We have confirmed the hypothesis that
microorganisms resistant to toxic Cu(II)
compounds in high concentrations exist in
any natural ecosystem. Thus, the amount of
resistant to Cu?" (1000 ppm, in the citrate
form) microorganisms ranged from 2.3x103
(Israel, the Dead Sea) to 1.8x10% CFU/g
(Ukraine, Kyiv region) (Fig. 1).

For the first time, we discovered that
super-high copper-resistant microorganisms
are widespread in natural ecosystems.
Microorganisms are resistant to high
concentration of Cu?' (up to 15500 ppm)
were present in all investigated ecosystems
(Table 1). At first consideration, the survival
of microorganisms at such high concentrations
of copper contradicts the generally accepted
notion about bactericidal properties of Cu?*
in the concentration range 20—100 ppm [15].
However, the amount of microorganisms
decreased significantly with the increase of
copper concentration confirming the toxicity
of copper to microorganisms.

Fig. 1. High resistance of the microorganisms of 9 natural ecosystems to toxic Cu?* citrate
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Table 1. Quantitative characteristic of copper-resistant microorganisms in natural ecosystems

The The
The copper amount The maximum amount
N of concentration of CRM* permissible of CRM*
the Ecosystem, Isolation in the investi- on Nutri- concentra- on Nutri-
samp- | Location of sampling source gated samples, ent Agar tion (MPC) on ent Agar
le ppm (mg/kg) of | with 1000 | Nutrient Agar | with MPC
sample ppm Cu?", | with Cu?", ppm of Cu??,
CFU/g CFU/g
1 The Arectic, Svalbard | g ;) 22.6 1.12:10° 3800 1.5-10°
archipelago
2 The Antaretic, Soil 13.5 8.9-10* 15 500 5.0-10
Deception island
3 The Antarctic, Soil 23.2 1.33-10* 8 500 1.1-102
Galindez island
Ecuador, . Soil 23.6 1.4-10° 4000 1.0-10?
Papallacta region
5 Ukraine, Kyiv region Soil 8.3 1.8-10° 10 500 7.6-10°
Ukraine,
6 “Optymistychna” Clay 27.2 3.5-10% 4000 1.28:103
karst cave
Israel, the Dead Sea Sand 7.6 2.28-10° 600 5.07-10
Ukraine, “Atlantida” Thp paleo _ 3.7-10° 92 400 1.85-10%
karst cave soil
9 Jkraine, “Atlantida™ | gjqy - 4.2510° 2000 7.0-10°
arst cave

Note: *CRM — copper-resistant microorganisms.

The issue about level of the toxicity of
different copper compounds to microorganisms
is very important [1]. Depending on the
modification of copper, the level of its toxicity
varies. For example, insoluble copper compounds
(Cu(OH)gi, CuCO3~L etc.) are low-toxic or
completely non-toxic to microorganisms. Soluble
compounds of copper(Il) are toxic and inhibit
the growth of microorganisms [16], because the
redox systems formed by them are characterized
by high values of redox potential (Eh) [8]. On
the example of the microbiome of chernozem
soil, we have previously shown that the toxicity
of CuSO, exceeds significantly the toxicity
of Cu(II) in complex with citrate. It was found
that chelation by citrate increases the resistance
of microorganisms to Cu?" in 20 times [17].
It is obvious that the high toxicity of CuSO,
is determined not only by toxic properties of
Cu?", but also by low pH values (3.2-3.5) and
consequently high values of redox potential
up to +580 mV. The chelation of Cu?" by
three substituted sodium citrate (NazCsH;0,)
stabilized the obtained complex in wide range of
pH (pH = 0.0-9.0). That is why the neutralization
of acid solution by alkaline sodium citrate
inevitably leads to decrease the redox potential
to +300 mV. It allows to neutralize the solution
to 6.5—7.0, which are optimal for the growth of
microorganisms.
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Herein, the MPC of the studied microbiomes
to Cu?" in complex with citrate in nutrient agar
and mineral media was high and ranged from
175 to 15 500 ppm Cu?". For example, the most
resistant were the Antarctic microorganisms
isolated from biogenesis of Deception Island
(sample #2, Table 1, Fig. 2). On the contrary it
was shown that resistance of microorganisms to
non-chelated Cu?* cation was in 31 times lower,
only 500 ppm Cu?* (Fig. 2).

Resistance of this microorganisms to Cu?"
in NA and MM media did not differ. Thus, the
MPC in both case was 500 ppm Cu?*. However,
the MPC of Cu?" in citrate form in mineral
medium was in 11 times lower than in nutrient
agar (Fig. 2; #2 sample). Really, the MPC of
Cu?' in citrate form was 15 500 ppm, in form
of Cu?' cation was 1400 ppm (15 500:1400 =
11.07).

This difference may be caused by the
presence in the NA of additional chelators —
amino— and organic acids. They caused a strong
stabilization of pH and Eh parameters of
medium at optimal level and as a result increase
the microorganisms resistance to Cu®*.

The microorganisms from the “Atlantida”
karst cave (Fig. 2, #8 sample) had the lowest
resistance to Cu®' cation. The resistance of
this microorganisms in the mineral medium
was critically low. Thus, only 2 ppm of Cu?' in
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Fig. 2. Comparison of MPC of microorganisms isolated from microbiocenoses of differ-ent geographical

zones of the globe to soluble Cu?

cation form led to a catastrophic decrease of the
amount of living microorganisms. At the same
time, the maximum permissible concentration
of Cu?' in sulfate form in NA medium was
in 87.5 times higher (175:2 = 87.5) (Fig. 2,
Table 2). Obviously, another compounds with
properties of chelators are also present in
the rich NA medium. They responsible for
chelation of toxic Cu?' cation and as a result
play a crucial role in the microbial resistance.
Despite the high toxicity of copper
compounds, the amount of living microbial cells
in natural ecosystems reached hundreds and
thousands at the presence of 175—-15 500 ppm
Cu?*. These copper-resistant microorganisms
can be divided into three groups: low-resistant
(20-175 ppm Cu?"), medium-resistant (175—
1000 ppm Cu?") and highly resistant (1000 ppm
to 15500 ppm Cu®"). Notwithstanding the
fact that some are more or less resistant,
in all ecosystems there are microorganisms
that are resistant to concentrations that
considered as bactericidial nowadays. Thus,
the microorganisms of Antarctic (Deseption
island) was highly-resistant to Cu?" (MPC =
15 500 ppm). The amount of CRM was
5.0x10%2CFU /g at this super-high concentration.
At first consideration, the existence of
super-high copper-resistant microorganisms
in the natural ecosystems contradicts the
generally accepted idea of the bactericidal
properties of Cu?' in the concentration range
of 20-100 ppm [15, 16]. However, our results
show that the increase of Cu?" concentration
leads to the significant decrease of the amount
of living microorganisms (Fig. 3—-6). Thus,
we experimentally confirmed the general
biological regularity of the toxic effect of

+ compounds (P < 0.05)

copper on microorganisms. Fundamentally
new is the fact that even at the MPC of Cu?"
the amount of microorganisms was hundreds
and thousands of viable cells (Table 1). This
fact can be explained by the wide variety
of microbial communities in the natural
ecosystems and their genetically determined
ability to adapt to extreme factors.

In the mineral medium, the resistance of
microorganisms to Cu?" citrate was slightly
lower than in NA. Under such conditions, the
microorganisms from Arctic ecosystem was the
most resistant to Cu®" (#1 sample, Tables 1,
2, Fig. 4). The MPC of Cu?" was 2800 ppm.
At such conditions, the number of resistant
microorganisms was high — 1.5x10% CFU/g.

Unlike the Arctic microorganisms,
the microorganisms of paleosoil and
clay (“Atlantida” cave) were not highly
resistant both to Cu?’ citrate and Cu?"
cation. The amount of living cells decreased
catastrophically with a slight increase of the
concentration of Cu?' citrate. The amount of
living cells decreased from 8.4x0% to 1.9x10%
CFU/g (paleosoil) and 6.4x102CFU/g (clay) at
50 ppm and 200 ppm Cu?" citrate respectively
(Fig. 5). Such low resistance may be caused by
the low concentration of microorganisms in
the microbiocenoses of clay and soil, which are
able to grow at the presence of carbohydrates
(glucose) as sources of carbon and energy.
The results show that the microorganisms
that grow well on protein-rich nutrient media
were dominated in the investigated cave
ecosystems.

The resistance of microorganisms to Cu?"
cation was significantly lower than to the Cu?"
citrate (Table 2; Fig. 5).
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Table 2. Resistance of microorganisms isolated of natural ecosystems to toxic cu?* compounds
in different modifications and media

24+ . 2+ 2+, .
Characterization of samples [Cg NZC,I 4 Cll\}A,+ [Cu M>1<V}:,lt] ’ (13\/11112)::+ [ljvi)ﬁ’

MPC, ppm MPC, ppm MPC, ppm ’
#1, The Arctic, Svalbard archipelago 3 800 450 2 800 20
#2, The Antarctic, Deception island 15500 500 1400 500
#3, The Antarctic, Galindez island 8 500 400 1200 150
#4, Ecuador, Papallacta region 4 000 500 600 10
#5, Ukraine, Kyiv region 10 500 600 2600 175
#6, Ukraine, “Optymistychna” karst cave 4 000 250 1800 100
#7, Israel, the Dead Sea 1200 350 800 25
:i)éi;l,)Ukraine, “Atlantida” karst cave (paleo- 2400 175 1 9
#9, Ukraine, “Atlantida” karst cave (clay) 2000 200 200 3

Note: NA — nutrient agar; MM — mineral medium; MPC — maximum permissible concentration.

Fig. 3. Cu?*-resistance of microorganisms isolated from natural ecosystems (P < 0.05)
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Fig. 4. Resistance of microorganisms of natural ecosystems to Cu?" citrate (P <0.05)

Fig. 5. Resistance of natural ecosystems microorganisms to toxic Cu®" in citrate form:
A — in the NA medium; B — in the MM medium) (P < 0.05)
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The resistance to Cu?* cation was 8-31
and 14-140 times less than to Cu?®' citrate
in NA and MM media respectively. The
microbiomes were not highly resistant to
Cu?' cation in the MM medium. There are
no additional chelators and stabilizers of
pH and redox potential. This caused the low
resistance of Cu?’, which directly depends
on these thermodynamic parameters. Thus,
the MPC Cu?" cation ranged from 175 ppm
(Ukraine, «Atlantida» carst cave) to 600 ppm
(Ukraine, Kyiv region) in a rich NA medium.
The amount of living microbial cells under
the action of the MPC of the non-chelated
form of Cu®* ranged from 4.4x10? CFU/g (the
Antarctic, Galindez island, mineral medium,
Fig. 6, B) to 1.1x10* CFU/g (Ukraine, Kyiv
region, NA medium, Fig. 6, A).

We confirmed the evidence of two types of
microorganisms response in the concentration
gradient of Cu?" compounds. The first type
of response (correlative) is characterized by
the correlative and catastrophic decrease
of the amount of living microbial cells
in gradient of copper. For example, the
“Atlantida” cave microorganisms were
resistant only to 2 ppm of Cu?" (Fig. 6, B).

Thus, in the response of the first type there
were the following changes in the amount of
living microbial cells. In the control variant
without Cu?*, the amount of living microbial
cells was 1.1x10* CFU/g. The amount of
microorganisms decreased in 8.6 times
to 1.28x10%® CFU/g with increasing Cu?"
concentration to 1 ppm Cu?", and to 1.1x103
CFU/g at 2 ppm Cu®’. The microorganisms
did not survive with the subsequent increase
of Cu?" concentration. The second type
of response is non-correlative, in which
case a significant increase of the copper
concentration does not lead to a catastrophic
decrease of living cells of microorganisms
(The Arctic, Svalbard archipelago and
Deception island microorganisms, as well as
microorganisms of Ukraine, Kyiv region).
With this type of response, the concentration
of microorganisms remained at the same level
with increasing concentration of Cu?' from
6 000 to 9 000 ppm (Fig. 3, the Antarctic,
Deception Island).

Thus, we have shown that in natural
ecosystems there are microorganisms that are
resistant to very high concentrations of toxic
copper compounds and significantly exceed

Fig. 6. The growth and interaction of isolated industrially promising strains of copper-resistant
microorganisms with toxic Cu®":
A — pure culture iso-lated from Ukrainian soil (#5 sample, Kyiv region);
B — pure culture isolated from Antarctic soil (#2 sample, Deseption Island)
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Table 3. Values of concentration resistance coefficients under different cultivation conditions

No of Ky in the Ky in the Ky in the Ky in the
sample Characterization of samples NA with NA with MM with MM with
P [Cu?"xNagcit] | Cu”’ cation | [Cu?'xNagcit] | Cu”" cation
1 | TheArctic, Svalbard 168.1 19.9 123.9 0.9
archipelago
2 | The Antarctic, Deception 1148.1 37.0 103.7 37.0
island
3 The Antarctic, Galindez island 348.9 17.0 51.0 6.4
4 Ecuador, Papallacta region 169.5 21.2 25.4 0.4
5 Ukraine, Kyiv region 1265.0 72.3 301.2 21.0
6 Ukraine, “Optymistychna” 147.0 9.9 64.3 3.7
karst cave
7 Israel, the Dead Sea 157.9 46.0 105.2 3.3
8 Ukrainez “Atlantida” karst cave 800 58 0.33 0.66
(paleosoil)
9 Ukraine, “Atlantida” karst cave 666.6 6.66 6.66 1
(clay)

the maximum allowable concentrations in
soils (up to 100 ppm Cu?")[18, 19].

The coefficient of concentration
resistance was calculated for the studied
ecosystems, which is a quantitative indicator
of the adaptation potential of the microbiome
(Table 3).

The highest coefficients were shown for
microorganisms of Deception Island (#2,
Table 3). In the NA medium with Cu®" citrate,
it was very high and amounted to as much as
1148. The lowest coefficients were calculated
for “Atlantida” cave microbiomes, indicating
its low adaptability to Cu®".

It should be noted that the maximum
permissible concentration of Cu?" for the
isolated microorganisms was tens and
hundreds times higher than the concentration
of copper in the samples. The presented results
on the coefficients indicate a high adaptive
potential of the investigated ecosystems.

The most of isolated CRM interacted
with Cu?" compounds. They accumulated and
reduced Cu?' to insoluble Cu,OV. It follows
that environmentally promising CRM are able
to remove toxic Cu(I) compounds and can be
isolated from the natural ecosystems of all
geographical zones of the globe. Pure cultures
of microorganisms that are resistant to
Cu?"in ultra-high concentrations and interact
with it were isolated. The isolated cultures
were able to remove Cu?’ from solutions due
to the accumulation in microbial biomass,

as well as reduction to insoluble compounds
Cu,OJ (Fig. 6).

The capability of microorganisms to
accumulate Cu?' was confirmed by the
hydrogen sulfide test [8]. Its essence is
the coloration of Cu?" compounds in a
dark brown color due to the formation of
CuSJ. The brown color of the colonies of
microorganisms indicated the ability of
microorganisms to reduce Cu?" to non-soluble
and low toxic Cu,O4 (Fig. 6). A striking
example of the accumulation of Cu?" is shown
by the microorganisms of the Deception
Island. Mycelial fungi predominated in this
sample and intensively accumulated Cu?*
(Fig. 7).

Currently, microbial technologies that
provide effective wastewater purification and
soil bioremediation at Cu?' concentrations
above 500 ppm have not been developed
[20]. High resistance to Cu®" is shown by the
example of strain Pseudomonas spp., which
is resistant to 300 ppm Cu?' [21] and three
strains isolated from the “metal-containing”
river Mogpog, resistant to 15-390 ppm
Cu?'[22]. It is obvious that for purification
of highly copper-contaminated ecosystems
(1 000 ppm Cu?" and above) there is a need
to isolate more resistant strains. The only
mention about high level of bacterial Cu?'-
resistance refers to Thiobacillus ferrooxidans
ATCC, that was 25 000 ppm Cu?" [23].
However, there are no data on the ability of
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A

Cu,04

Fig. 7. Accumulation of Cu?t by mycelial fungi in the MM medium at the presence of 100 ppm Cu?" cation:
A — before H,S addition; B — after H,S addition

this strain to interact with copper and the
possibility of its use in bioremediation of
ecosystems.

We have previously isolated four bacterial
strains of Pseudomonas genus with record
resistance up to 1.0 M Cu®" (63 546 ppm) from
natural ecosystems [24]. They are promising
for the purification of super-concentrated
metal effluents.

Thus, the soils, clays, sediments and
sands of natural ecosystems are a “genetic
resource” of copper resistant microorganisms
that are promising for development of
novel biotechnology of purification of
copper-containing wastewater and soil
bioremediation.

The isolated microbial cultures are
promising for the further application
in environmental biotechnologies, for
example for copper-containing wastewater
purification and contaminated soils
bioremediation.
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KIJbKICHI IIOKA3SHHUKH
POSIIOAIJIEHHA MITBbPESUCTEHTHHUX
MIKPOOPT'AHI3MIB ¥ IITPUPOJHUX
EROCUCTEMAX
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Minb € gy:Ke TOKCUYHUM METaJIOM, IO PO3TIO0-
BCIOJJKEHUH AK Y IPUPOSHUX, TaK i B TeXHOTE€H-
HHuX eKocucreMax. MeToio poboTu O0yi0 BUBHAUN-
TU PiBeHb CTIAKOCTI MiKpOOPraHidaMiB IPUPOSHUX
eKOocCHCTeM [0 KaTioHHOI (popMHU Ta opraHome-
raxiunoro kommitexkcy Cu®’. Bymxo mocrimsxeHo
MiKpoopraHisMm 9 mpupogHUX €KOCUCTEM II’ ATU
reorpadiuyHux 30H AHTapKTUKU, ApKTHUKHU, Mep-
TBOorO MOopd (Ispainw), cepenuix mupor YKpainu
Ta ekBaTopianbHoi 30HU [liBmenHoi Amepuku (Ex-
Bagop). CrifikicTs MiKpooprauismiB BusHavau
KYJbTUBYBAHHAM y CEPEIOBHUIII 3 KOHIIEHTPAITiHi-
muM rpagierrom Cu?’. Kinekicrs Cu?'-pesucrent-
HUX MiKpOOPraHi3MiB y IPUPOJHUX €KOCUCTEMaxX
BU3HAYAJM IIiAPAaXYHKOM KOJOHIH Ha IIOKUBHOMY
arazpi y IPUCYTHOCTI ITUTPATy Ta KaTioHHOI hopMu
Cu®*. Kounenrparito Cu(Il) y spaskax 'pyHTY Ta
TJINHY BU3HAUAJIN METOAOM aTOMHO-a0COopOIriii-
HOI cnekTpomerpii. IlinTBepAKeHO rimoTesy mIpo
Te, mo cTifiki go Cu®’ MikpoopraxismMu icHyOTH
y Oyab-AKill mpupoaHiii ekocucremi. CTifiKicTs
no Cu?' y gpopmi rariony 6yna y 8-31 ta 14-140
pasiB Hu:KUOIO Hisk xo nurpary Cu?’ v skuBnis-
HOMY Ta MiHepaJbHOMY arapu30BaHUX CEePeIOBU-
miax Bigmosiguo. KinbkicTs Cu2+-p631/ICTeHTHI/IX
MiKpoOOpraHismMiB y IPUPOAHUX €KOCHUCTeMax
JocArajia COTeHb Ta THUCAY y IpucyTHOCcTi 175—
15 500 mr/n Cu®'. Takum YUHOM, I'PYHTHU, TJIMHUA
Ta HiCKY MPUPOSHUX €KOCUCTEM € «T'€HeTUUHUM
pecypcoM» Minbpe3snCTEeHTHUX MiKpOOpraHismis,
IEePCIEeKTUBHUX IJIA PO3POOJIEeHHSA HOBiTHiX 6io-
TEeXHOJIOTill OUMINEeHHI MiIbBMiCHIX CTIiUHUX BOJI
Ta 6iopemexialrii rpyHTiB.

Knwuwosi cnoea: 3abpynHeHHA MiAgo0, Migb-

pe3uCTeHTHI MiKpoopraHiamu, IpUPOAHiI eKocu-
cTeMU, IIPHUPOJOOXOPOHHI 6ioTeXHOJIOTII.

80
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Menb ABIASAETCS OUEHDb TOKCUYHBIM METaJIJIOM,
KOTOPBIN paclIpocTpaHeH KaK B €CTECTBEHHBIX,
Tak U B TEXHOTEHHBIX 9KocucreMmax. Ileabro pa-
60THI OBIJIO OIIpeeIeHe YPOBHS YCTOMUNBOCTI
MHUKPOOPTaHU3MOB IPUPOJHBIX 9KOCHCTEM K
KaTUOHHOU (hOpMe M OpPTaHO-MEeTaJJIUUYECKOMY
rommzexcy Cu?’. Bouiu ucciieoBaHbBI MUKPOOD-
TaHU3MBI 9 TPUPOAHBIX D9KOCUCTEM IIATHU Teorpa-
¢duuecKkux 30H AHTapKTUKU, ApKTuUKU, MepT-
Boro mopsa (Mspausib), cpefHUX IMHUPOT YKpau-
HBI U 9KBaTopuaabHoil 30HbI OKHON AMepuKu
(9xBamop). YCTOMUMBOCTL MUKPOOPTAHU3MOB
ommpenessaau KyJbTUBUPOBAHUEM B cpejlie ¢ KOH-
IEeHTPAIOHHLIM I'PagueHTOM Cu?'. Konmuectro
Cu?"-pesHCTEHTHBIX MHKDPOOPTaHIN3MOB B €CTe-
CTBEHHBIX 9KOCHCTEMAaX OIPeNessiad I0CUeTOM
KOJIOHIII HA IUTATEJbHOM arape B IPUCYTCTBUU
murpaTa u KatnoHHo# gopmsr Cu?’. Koxmenrpa-
nuto Cu(Il) B o6pasiiax mMOUYBHI U TJIMHEI OIIPEJe-
JAJA METOAOM aTOMHO-a0COPOIMOHHON CIeK-
Tpomerpuu. IloaTBepsKIeHA I'UIIOTE3a O TOM, UTO
YCTOMYUBEIE K Cu?* MHUKPOOPTAaHU3MBbI CYIIIECTBY-
0T B JII00OH ecTeCTBEHHOM sKocucTeMe. ¥ CTOIi-
umBocts K Cu?’ B popme Karmona Geina B 8—31 u
14-140 pas HUKe, UeM y IUTpaTa Cu?" B nura-
TeJIbHOU M MUHEPAJbHON arapru30BaHHBIX Cpelax
coorsercrBerHo. Kommuecrso Cu?! pesucrentHbIx
MUKPOOPTaHU3MOB B €CTECTBEHHBIX dKOCHUCTEMAaX
IOCTHUTaJia COTeH M ThICSAY B IPUCYTCTBUU 175—
15 500 mr/a Cu?". Takum o0pa3om, ITOUBEI, TJIH-
HBI ¥ TIECKU €CTECTBEHHBIX 9KOCUCTEM ABJIAIOTCS
«TeHEeTUYECKUM PEeCYypPCoM» Meb-Pe3UCTEHTHBIX
MUKPOOPraHM3MOB, MIEPCIEKTUBHBIX IJIs paspa-
0OTKU HOBEHIINX OMOTEXHOJJOINI OUNCTKU MeIhb-
coflep:KalnX CTOUYHBIX BOJA U OmopeMeauaIliu
TIOYB.

Knrmuesvle cnoea: 3arpssHeHne MeJbi0, MeIb-
Pe3UCTeHTHbIE MUKPOOPTraHU3Mbl, €CTeCTBEHHbIE
9KOCHCTEeMbI, IIPUPOJAOOXPAHHBbIE OMOTEXHOJO-
Tun.





