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The aim of work was to elucidate the mechanisms of bioaccumulation of copper leached from minerals
by fungus Aspergillus niger with great bioremedial potential due to its ability to produce chelating meta-
bolites and transform toxic metals and minerals. The special attention was paid to the chemical speciation
of copper bioaccumulated within fungal colony in the process of fungal transformation of copper-con-
taining minerals.

Chemical speciation of copper within different parts of the fungal colony was studied using solid-
state chemistry methods such as synchrotron-based X-ray absorption spectroscopy providing informa-
tion about the oxidation state of the target element, and its coordination environment. The analysis of
the obtained X-ray absorption spectroscopy spectra was carried out using Fourier transforms of Extended
X-ray Absorption Fine Structure regions, which correspond to the oscillating part of the spectrum to the
right of the absorption edge.

Results of this study showed that fungus A. niger was involved in the process of solubilization of
copper-containing minerals resulted in leaching of mobile copper and its further immobilization by fun-
gal biomass with variable coordination of accumulated copper within fungal colony which depended on
the age and physiological/reproductive state of fungal mycelium. X-ray absorption spectroscopy data
demonstrated that copper accumulated within outer zone of fungal colony with immature vegetative
mycelium was coordinated with sulphur—containing ligands, in contrast to copper coordination with
phosphate ligands within mature mycelium with profuse conidia in the central zone of the colony.

The findings of this study not only broaden our understanding of the biogeochemical role of fungi but
can also be used in the development of various fungal-based biometallurgy technologies such as bioreme-
diation, bioaccumulation and bioleaching and in the assessment of their reliability.

The main conclusion is that coordination environment of copper bioaccumulated within fungal biomass
via the process of transformation of copper minerals is heterogeneous varying from sulphydryl to phosphate.

Key words: bioremediation, metal bioaccumulation, fungi, copper, mineral transformation,
chemical speciation, coordination complexes, X-ray absorption spectroscopy.

Toxic impacts of heavy metals in the
environment have led to intensive research on
various methods of toxic metal bioremediation,
and the central thrust of bioremediation
depends on microbiology [1-3].

The ability of such microorganisms as
fungi to survive and flourish in metal-rich
environments, coupled with their capacity
to transform a huge variety of metal species,
makes them ideal candidates for both
bioleaching and bioremedial systems. These
metal-resistant characteristics depend upon
their intra- and extracellular detoxification
strategies, which can be manipulated to ensure
either the solubilisation or sequestration of
a specific element. Intracellular resistance

depends on the immobilization of the metal
to prevent damage to essential -cellular
machinery. This is achieved by the action
of metal-binding proteins, or sequestration
of the metal in the fungal vacuole [2, 4-6].
Extracellular responses meanwhile, depend
upon the action of protons or organic acids that
are excreted into the surrounding medium,
or bound in the extracellular polysaccharide
matrix [4, 7-9].

Determination of metal speciation in such
biological systems has been a challenging
problem because of the amorphous state
or poor crystallinity of metal complexes
within biomass and relatively low metal
concentrations. There were a few studies for
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fungal biomass that mainly clarify the nature
of metal adsorption sites on cell walls [10—
13]. However, synchrotron—based element—
specific X-ray absorption spectroscopy
(XAS) provides a means for studying element
complexation in environmental samples
varying from biological to mineralogical in
nature [11-16]. XAS is an element specific
technique which gives information about the
oxidation state of the target element, and
its coordination environment, including the
number and identity of neighbouring atoms
[17]. It allows studies involving fast data
collection, small samples, low concentrations,
both crystalline and amorphous solids and
even solutions. XAS is also a non-destructive,
non-invasive method that could probe metal
transformations at the mineral-microbe
interface transformations directly studying
samples in their natural, often hydrated,
states which makes it an ideal approach for
investigating metal transformations at the
mineral-microbe interface in biogeochemical
systems [16, 17].

This work was focused on XAS-studies
of the chemical speciation of copper
bioaccumulated within fungal colony in the
process of fungal transformation of copper-
containing minerals.

Materials and methods

The fungal strain Aspergillus niger van
Tieghem (ATCC 201373) from the collection of
microorganisms of the Division of Molecular
Microbiology, College of Life Sciences, Uni-
versity of Dundee, UK was used in this study.

A. niger was exposed to model copper-
containing minerals azurite and malachite in
the Petri-dish microcosms previously designed
for studies of fungal ability for mineral
transformations [18, 19].

Azurite [Cus(CO3),(OH),] and malachite
[Cuy(CO3)(OH),] were crushed and ground
using a mortar and pestle and sieved to ensure
a final grain size of less than 400 pm. The
resulting powder was sterilized by rinsing
with deionised water for at least 8 h with
intermittent agitation on an orbit shaker. The
samples were then immersed in 70% ethanol
for at least 24 h, after which the solution was
decanted and the samples left to dry in a sterile
flow hood. Once dry, they were oven-sterilized
at 80 °C for at least 24 h.

Malt extract agar (MEA, Oxoid, UK) was
prepared with malachite or azurite by adding
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sterilized portions of the relevant mineral
to create a concentration of 10 mM in the
final plates. Dialysis membrane was used to
cover the agar and separate the fungus from
the medium, but allow the colony easy access
to nutrients. Inocula consisted of one 7 mm
diameter core cut from a colony of A. niger
grown overnight on MEA medium. Plates were
sealed with parafilm and incubated at 25 °C for
the duration of the experiments.

Fungal biomass was harvested after 7 days
of growth. Different parts of fungal colony
were cut out with sterile razor blade.

Freshly harvested biomass was enclosed
into cellotape and quenched in liquid nitrogen,
was used for further X-ray absorption
spectrometry.

X-ray absorption spectra at the Cu
K-edges were collected on Station 7.1 at the
CCLRC Daresbury SRS operating at 2 GeV
with an average current of 140 mA, using
a vertically collimating plane mirror and a
sagitally bent focusing Si(111) double crystal
monochromator detuned to 80% transmission
to minimize harmonic contamination. Sample
data were collected with the station operating
in fluorescence mode using a 9-element solid
state Ge diode detector with high count-rate
XPRESS processing electronics; spectra
of model compounds were collected in the
transmission mode. The monochromator was
calibrated using a 5 mm Cu foil. Experiments
were performed using a liquid nitrogen
cooled cryostat. Single scans were collected
for the model compounds, and 3-4 scans
were collected and summed for each sample.
Model compounds used were Cu-acetate, Cu-
gluconate, Cu-malate, Cu-oxalate, Cus(POy,),
and Cu,0.

Extended X-ray Absorption Fine Structure
(EXAFS) regions of the obtained XAS spectra,
which corresponded to the oscillating part of
thespectrumtotherightof theabsorptionedge,
were used in spectra analysis. Background-
subtracted EXAFS spectra were analyzed in
EXCURV98 using full curved wave theory[20,
21]. Phaseshifts were derived in the program
from ab initio calculations using Hedin—
Lundqvist potentials and von Barth ground
states [22]. Fourier transforms of the EXAFS
spectra were used to obtain an approximate
radial distribution function around the central
copper atom (the absorber atom); the peaks
of the Fourier transform can be related to
«shells» of surrounding back scattering atoms
characterized by atom type, number of atoms
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in the shell, the absorber-scatterer distance,
and the Debye-Waller factor, 262 (a measure of
both the thermal motion between the absorber
and scatterer and of the static disorder or range
of absorber-scatterer distances). The data were
fitted for each sample by defining a theoretical
model and comparing the calculated EXAFS
spectrum with the experimental data. Shells
of backscatterers were added around the
copper and by refining an energy correction
Ef (the Fermi energy), the absorber-scatterer
distance, and Debye-Waller factor for each
shell, a least squares residual (the R-factor
[22, 23] was minimized). Where appropriate,
multiple scattering effects were included in
the fits [24].

Results and Discussion

Copper is a trace element essential to
life, yet, at high doses it can be toxic. Copper
makes a significant contribution to global
pollution [25]. The origin of copper pollution
is very diverse. In addition to natural origins,
mainly from rock weathering and atmospheric
deposition, its wide human use in many fields
(transportation, manufacturing, currency,
construction and agriculture as fungicide
and herbicide) generates releases into the
environment.

Both processes of metal mobilization
(e.g., in situ soil washing, extraction and
filtration techniques) and immobilization
(e.g., in situ stabilization techniques) may be
applied to remediate contaminated matrices
[2, 29]. Many fungi can be highly efficient
biogeochemical agents with capability for both
metal mobilization and immobilization [4].

Fungi are able to solubilize minerals and
weather rocks in the course of <«heterotrophic
leaching» as a result of protonation (acidolysis),
chelation (complexolysis) and metal accumulation
by the biomass [7, 30]. Fungal and plant cell walls
can act as a cation exchanger due to their negative
charge originating from functional groups, e.g.
carboxylic, phosphate, amine or sulfhydryl, in
different wall components (hemicelluloses, pectin,
lignin, chitin, etc.) [4, 11, 13]. Mechanisms for
metal immobilization within plant and fungal
biomass also include intracellular uptake with
complexation to ligands such as S-containing
peptides  (metallothioneins,  phytochelatins),
carboxylic acids (citrate, malate, oxalate), and
phenolic acids [4, 6, 8,12, 14, 15, 31].

Aubiquitous fungus Aspergillus nigerisone
of the most efficient transformers of minerals

due, first of all, to its ability to over-excrete
citric, oxalic and other low molecular weight
carboxylic acids [32]. Various strains of A.
niger are used in the industrial preparation of
citric acid (E 330). The ability of this fungus to
produce chelating metabolites, combined with
its resilience to challenging environment and
its uncomplicated and inexpensive nutritional
requirements, makes it ideal candidate for
bioremedial treatment. Both its solubilizing
and metal-immobilization characteristics can
be exploited to improve the condition of solid
waste, contaminated soil and polluted water.
A. nigerhasbeen previously shown to solubilize
various copper—containing minerals [32].

In order to elucidate the mechanisms
of bioaccumulation of copper leached from
mineralsbyA.niger, weused synchrotron-based
element-specific X-rayabsorptionspectroscopy
technique which gives information about the
oxidation state of the target element, and
its coordination environment, including the
number and identity of neighbouring atoms
[17]. XAS allows studies involving fast data
collection, small samples, low concentrations,
both crystalline and amorphous solids and
even solutions.

In the experiments with A. niger, grown on
malt extract agar medium containing azurite
or malachite, coordination of bioaccumulated
copper by sulphur-containing ligands was
found for samples with new vegetative
mycelium taken from the outer zone of the
fungal colony (Table; Fig. 1, A, C). A typical
example of the best fit to the inner coordination
sphere was with 3 sulphurs at 2.26 A which
was significantly improved by the addition of
2 copper scatterers at 2.68 A clearly indicating
the formation of a copper sulphide phase.

In contrast, on both azurite- and malachite-
containing media the samples from the
central part of A. niger colonies with mature
aging mycelium and abundant dark-coloured
conidiophores with conidia demonstrated
phosphate coordination of copper (Table;
Fig. 1, A, D).

Thus, the age and therefore the physio-
logical and reproductive state of fungal
mycelium was found to play a crucial role in
the formation of coordination environment of
metal within the biomass.

The observed variation in coordination
complexes of copper in A. niger demonstrates
that the relative significance of copper
resistance mechanisms may vary with the age
of the colony. We suggest that the sulphydryl
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Cu K-edge EXAFS parameters for copper com-
pounds observed in the biomass
of A. niger colonies grown on MEA containing
10 mM azurite or malachite

2ot/a? | e

Fungal colony grown on azurite medium
Outer 3xS 2.23 0.033

Sample | Scatterers | r/A

zone | 2xCu | 2.60 | 0.040 | 336
4x0 1.95 | 0.022
Inner 2x0 2.53 0.022 34.4

zone 2xP 2.89 0.018
2x Cu 3.70 0.018

Fungal colony grown on malachite medium
3xS 2.26 0.017

Outer | o cu | 2.68 | 0.028 | 373
. 4x0 | 1.94 | 0.032

nner 2x0 2.48 0.022 31.9
zone

2xP 3.00 0.046

Notions. Table shows the values obtained from the
EXAFS analysis of copper in the biomass of A. niger
where r is the copper-scatterer distance in Angstroms
(+0.02 A inner shells, =0.05 A outer shells), 262 is the
Debye—Waller type factor (£15% inner shells, +=30%
outer shells), which is a measure of both the thermal
motion between the absorber and scatterer and of the
static disorder or range of absorber—scatterer distances.
The residual is a least squares residual from fitting the
spectrum of the model to the experimental data.

8950 9000 9050 9100 9150
Energy (eV)
OuterZone of Colony  InnerZone of Colony
@ Copper @ Copper
Sulphur ® Phosphorus
® Oxygen

Fig. 1. Copper coordination in A. niger grown
on MEA with 10 mM malachite:
(A) XAS spectra displayed entirely different charac-
teristics for (B) outer non-sporulating (red arrow)
and inner sporulating (blue arrow) areas of the fun-
gal colony. EXAFS analysis suggested that (C) cop-
per in the outer zone of the colony was present as
copper sulphide, while (D) copper in the inner region
of the colony was coordinated by phosphate ligands
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coordination of copper in the immature outer
mycelia originates from the association of
copper with metallothioneins. These are small
cysteine-rich proteinswhich are often produced
in response to heavy metals introduction and
are thought to play an important role in their
homeostasis and sequestration [33, 34]. The
metallothioneins were first reported in the
equine kidney and named because of their
extremely high content of sulphur — 4.1%
(DW) and cadmium — 2.9% (DW) [35]. These
metal-binding proteins have since been found
throughout the animal, plant and fungal
kingdoms [6]. Metallothioneins have been
shown to be particularly important for copper
homeostasis in yeast [36], while more recently
the presence of copper has been shown to be the
controlling factor in metallothionein synthesis
in Neurospora crassa [34].

There is no current evidence that metallo-
thioneins are found in the extracellular
environment so it seems likely that the majo-
rity of copper chelation in the young parts
of the colony occurs intracellularly. This
suggests that the external components of the
copper resistance pathway may not be fully
developed in immature areas of the fungal
colony. Proteins are not ideal for long-term
sequestration of copper, as they must be
constantly replaced, so efflux or incorporation
of the toxic metals into insoluble forms is
essential. We propose that it is this shift to a
more permanent mode of storage that causes
the copper coordination by phosphate ligands
in the mature parts of the colony. The activity
of acid phosphatases, which have been linked
to heavy metal resistance in fungi, increases
with increased copper concentration and varies
with colony age [37, 38]. These enzymes could
mediate the transferal of the polypeptide-
bound copper to a more stable form such as
polyphosphates.

It has been reported that the different
groups of microorganisms accumulate in-
organic phosphates intracellularly. Confocal
laser scanning microscopy studies revealed
single and aggregated cigar-shaped poly-
phosphategranulespresentinboth vacuolesand
cytoplasm of yeast Saccharomyces cerevisiae
as well as in fungal hyphae and macroconidia
of Fusarium solani [39]. Polyphosphates are
used by ectomycorrhizal fungi to immobilize
metals within their vacuoles [40] which would
provide the long-term metal storage and
protection from the toxic effects.
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Thus, these findings can be summarized
in the diagram illustrating the overall
transformation of copper—containing minerals
by A. niger where the process of mineral
solubilization through heterotrophic leaching
of copper from minerals mediated by fungus
is followed by the process of immobilization of
mobile copper species within fungalbiomassvia
bioaccumulation and copper speciation which
varies depending on the age and reproductive
state of fungal mycelium (Fig. 2).

The results of this study demonstrated
heterogeneity of the toxic metal speciation
within microbial biomass and should be taken
intoaccountin the development of the effective
technologies of fungal-based remediation
techniques.
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funding of CCLRC Daresbury Synchrotron
Radiation Source, UK (SRS user grant 40107,
43079) and personally Prof. Geoffrey M. Gadd
for the opportunity to perform this work and
scientific supervision, Dr. Andrew Bowen for
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and Dr. John Charnock for his valuable help
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Ilenvio paboTHI OBLIO BBIACHEHHE MeEXaHU3-
MOB OMOAKKYMYJIAIINU MeIU, BBIIEJOUEHHON 13
MuHepasaoB rpubom Aspergillus niger, obJyamaro-
IIIAM BBICOKHUM ITOTEHIIAAJIOM [JIs UCIIOJb30BAHUS
B OuopeMenuanuu 6Jarogapsa CIIOCOOHOCTH BBIe-
JIATH XeJIATUPYIOINE MeTa00JIUTHI U TpaHchopMu-
POBATh TOKCUYHBIE METAJIBI 1 MUHEepasibl. Ocoboe
BHUMaHUE YAEJNAIN XUMUUYECKOMY CBA3BIBAHUIO
Meaun, OM0aKKYyMYJIUPOBAHHO IPUOHOM KOJIOHMEH
B TpoIiecce TpaHCcHOPMAIINU MeIbCOAEPIKAIIUX
MUHEPAJIOB.

XuMuyecKoe CBS3bIBaHUE MeOU B Pa3TIMUYHBIX
YaCTAX IPUOHOM KOJIOHUU U3YUaIU C IPUMEHEHUEM
MeTOI0B TBepHoGha3HOi XUMUM, B YACTHOCTH CHUH-
XPOTPOHHOM PEHTTEH0Aa0COPOITMOHHOM CIIEKTPOCKO-
MUY AJIA ToJydYeHus: nH(GOPMAIUY O BaJEHTHOCTHU
HCCJIEAYyeMOTO 3JIEMEHTa U €Tr0 KOOPAUHAITMOHHOM
OKDY:KeHUU. AHAIN3 MOJTYUYEeHHBIX CIIEKTPOB IIPO-
BOJMJIV C UCITOJIb30BaHMEM TpeobpasoBaumii @ypbe
UL TaHHBIX O0JIACTH CIIEKTPOCKOIUM IIPOTSIMKEH-
HOUM TOHKOU CTPYKTYPHI PEHTTE€HOBCKOI'O IIOTJIOIIIE-
HUs, KOTOpaA COOTBETCTBYET OCHMJLINPYIOIEH ua-
CTHU CIIEKTPA BIIPABO OT KPasi IOTJIOIIEHUA.

PesynbTaThl CBUAETEILCTBYIOT O TOM, UTO I'PUb
A. niger ydJacTBOBaJ B IPOIECCAX PACTBOPEHUS
MeIbCOMEPIKAIIINX MUHEPAJTIOB, IIPUBOAMBIINX K
BBIMEJIAUYNBAHNIO IIOABUKHON MeIU U ee IIoCJIe-
OyIoIell mMMMOOMIN3aIiny IpubHOII Omomaccoit ¢
BapuabeJbHON KoOpAWHAIMell Meau, aKKyMYyJIu-
POBaHHOII TPUOHOI KOJIOHUEI, KOTopas 3aBUceJia
OT BO3pacTa, (U3UOJOTUIECKOTO U PEIIPOTYKTHUB-
HOT'O COCTOSHUS IPUOHOTO MUIEJANSA. ITU JaHHbIE
MIPOIEMOHCTPUPOBAIN, UTO M€Jb, aKKYMYJUPO-
BaHHAs HEe3peJbIM BereTaTWBHBLIM MUIIEJINEeM BO
BHeIITHell 30He IpuOHOM KOJIOHNH, OBbLIAa KOOPIH-
HUPOBAHA CEPOCOEPIKAIIUMHY JIUTAHJAMU, B OTJIU-
yre OT KOOPAUHUPOBAHUA MeAu (pochaTHLIMU JIH-
raHJaMu BHYTPU 3PEJIOTO KOHUAMEOOPa3yIoIero
MUIIEJINSA B IEHTPAIbHOI 30HE KOJIOHUU.

Ilonyuenubie Pe3yIbTaThbl He TOJIBKO PACIITIPSIIOT
HAIITI IIPEeICTaBIEHNA O OMOTeOXTMITUYECKOL POJIU TPU-
00B, HO U MOT'YT MCIIOJIHF30BAaTLCA B Pa3pabOTKaxX Ipub-
HBIX OMOMETAJLTYPIUYECKUX TEXHOJIOTHI, B YACTHOCTH
OropemMenuaI, OMOaKKyMYJISITAN 11 OMOBBITIEIaul-
BaHUU, U OIpeNeIeHnN uX HajeskHoctu. KoopauwHa-
IIMOHHOE OKPY:KEeHNe Menu, OMOoaKKyMYJIMPOBAHHOM
TpUOHOIT 61IOMAaccoii B mporiecce TpaHchHOPMAITUN MU-
HepaJIOB Me[H, SIBJISETCS T'eTePOreHHbIM, N3MEHSSCh
OT CYJIB(PIUAPUIILHOIO 10 (hocdaTHOorO.

Knrouesnvre cnrosa: buopeMennanusa, 0MOaAKKyMY-
JANMUS MEeTaJLI0B, TpaHchopMalius MUHEPAaJoB,
PEHTTeH0a0COPOIMOHHAA CIIEKTPOCKOII N .

BAPIABEJILHICTH KOOPTHHAIIMTHUX
CIIOJIYE MIJI, IO AKYMYJIbOBAHI
B 'PUBHUX KOJIOHISIX 3A ITPUCYTHOCTI
MITbBMICHIX MIHEPAJIIB

M. O. Domina

TactuTyT Mikpo6iosorii i Bipycosorii
HAH Vkpaiuu, Kuis

E-mail: M.Fomina@ukr.net

Meroro poGoTu OyJsio 3’scyBaTH MexXaHi3MU
b6ioakymynamii miai, Buay:KeHoi 3 MiHepasIiB rpu-
6om Aspergillus niger, AKUH Mae BUCOKUI IIOTEH-
IiaJI 118 BUKOPUCTAHHSA ¥ OiopeMepiallii saBaaKu
3IATHOCTiI BUIIJIATH XeJaTyBaJibHiI mMerabositu i
TpaHchOPMyBaTH TOKCUYHI MeTAaJIu Ta MiHepaau.
Oco0siBy yBary nIpupAijieHo XiMiuHOMY 3B’aA3y-
BaHHIO Mifi, 110 OyJia 6ioakyMyJiboBaHA IPUOHOIO
KOJIOHi€O B IIpoI1ieci Tpaucdopmalrii MifbBMicHIX
MiHepaJIiB.

XimiuHe 3B’sI3yBaHHA Mifi B pisHUX Miciiax
rpuOHOI KOJIOHII BUBYAJM i3 3aCTOCYBAHHSIM Me-
TOAiB TBepmodasHoi ximii, 30KpemMa CHHXPOTPOH-
HOI PEeHTTreH0abCOPOIifiHOI CIeKTPOCKOmmil mis
olep:kaHHA iH(MoOpMaIii mpo BaJIEHTHICTH MOCJIi-
I)KYBAHOTO eJjleMeHTa Ta MOoro KOOpAUHAIliliHe
cepemoBuilie. AHaJIi3 OTPUMaHUX CIEKTPiB MIpo-
BOJUJIN, BUKOPUCTOBYOUM Tpauchopmarlrii ®yp’e
IJIA MaHWUX OIAAHKUA CIEKTPOCKOIII TpPOTAMKHOIL
TOHKOI CTPYKTYPHU PEHTIeHiBChKOT'O IOTJIMHAHH,
110 BiIOBiJla€ OCI[MJIIOBAJILHIN YaCTUHI CIIEKTpa
BIIPABO BiJf Kpaio MOTJIMHAHHSI.

PesyabTaTu cBiguaTh Ipo Te, 1110 Tpubd A. niger
OpaB y4yacThb y IIpollecax PO3UYMHEHHSA MigbBMic-
HUX MiHepaJjiB, IO CIPUUYUHIOBAJIO BUJIY:KEHHS
pyxauBoi Mimi ta i momanpinry iMmmo6imisarrizo
rpubHOI0 6ioMacoi 3 BapiabGeJbHOI0 KOOPAWHA-
Iiero Mifi, aKyMyJIbOBaHOIO I'POHOI0 KOJIOHIEIO,
AKa sajeskaja Big BiKy Ta (pisiosioriumoro i pe-
MIPOAYKTUBHOIO CTaHy I'pubHOTO Minesito. Ii fani
IIPOIeMOHCTPYBAJIH, 110 AKyMYJIbOBaHA He3PiJauM
BereTaTUBHUM MilleJlieM y 30BHIiIIHi# 30HI rpuod-
HOI KOJIOHII Migp OyJia KOOpAWMHOBAaHA CipKOBMic-
HUMM JiraHgamu, Ha BigAMiHy Big KoopawmHarrii
Mini dochaTHUMU JiraHZaMU BCepefUHI 3pijsoro
KOHIZI€IPOAYKYBAJIBHOTO MIiIleJIil0 B IIeHTPAaJIb-
Hill 30HI KoJroHii.

OpmepskaHi JaHi He TiIBKK PO3MIUPIOIOTE YAB-
JeHHA Tpo OioreoximiuHy posb rpubiB, ame i
MOXKYTh OYyTH BUKOPUCTAHI ITiJ Yac po3pobaeHHs
rpubHUX OioMeTanypriiHUX TeXHOJIOTil, 30Kpe-
Ma OGioounIneHHsA, 6i0aKyMyaAIii i 6i0BUIYIKeH-
Hs, Ta BU3HAUEHHi iXHboI HafmitiHocti. Koopnau-
HallilfiHe cepefoBUIle Migi, 6icaKyMyJbOBaHOI
rpubHOI0 OioMacoro B mporeci Tpanchopmarrii mi-
HepaJiiB Mifli, € reTepOTeHHUM, 3MiHIOIOUNCH Bif
cyJabrigpuiabHOTO A0 (pochaTHOTO.

Knwuosi cnosa: 6iopemesiaiia, 6ioakymyaaiiia
MeTasiB, TpaHcdhopMallisg MiHepaJsiB, pPeHTTEeHO-
abcopOIriiiHa CIeKTPOCKOITiA.
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