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The aim of the work was to show the possibility for the strain Citrobacter freundii M1-31.1/1 on the
base of its metabolism regulation to carry out two opposite processes: mobilization of iron compounds and
their immobilization. To do this investigation thermodynamic calculations were used. It was also used
potentiometric measuring of pH and Eh values, colorimetric determination of microbial biomass increase
and changes of iron compounds concentration and gas chromatography. The possibility of theoretically
grounded regulation of iron transformation pathways was experimentally confirmed. Taking as an exam-
ple the culture C. freundii M1-31.1/1, we have shown its ability to provide both immobilization and mobi-
lization of iron compounds under specific conditions for microbial growth in nutrient medium. Obtained
regularities are the basis to estimate the role of microorganisms in iron biogeochemical cycles. These data
could be used as a base for the development of effective biotechnological approaches such as iron extraction
from depleted deposits and water purification from iron compounds.
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Iron is the fourth abundant element in
the earth’s crust [1, 2]. This element makes
significant influence on the biogeochemical
cycles in ecosystems due to its widespread, the
ability to change the valence and to form complex
compounds with organic matter [3—6].

Transformation of iron compounds is a
multistage process. It includes a complex
of reactions [2]. Microorganisms possess a
significant role in the process of iron cycling
in the biosphere. Redox potential, pH, water
regime, structure of iron minerals and
microbial activity determine the speed and
intensity of iron transformation in ecosystems.

Microbial technologies have a set of
advantages for both water purification from
iron compounds and iron extraction from
depleted deposits. Microbial biotechnologies
have low operating cost. They are also
environmentally friendly. That is why
investigation of microbial metabolism
regulation is actual for development of novel
environmental biotechnologies.

Thermodynamic prognosis allows to
calculate theoretically feasible pathways

of 1iron compounds transformation by
microorganisms [7, 8]. It is well known that
microorganisms can reduce and oxidize iron
compounds as well as mobilize and immobilize
them [1, 3]. However, the conditions of iron
transformation are still poorly studied [4].

We showed that the values of pH and
redox potential of the medium are the key
parameters to estimate the direction of iron
transformation pathways [7] (Fig. 1).

Chelated compounds of Fe(III) and Fe(II)
are stable in the pH range from 0 to 12.0. Ions
of Fe3" are stable at pH < 1.6 (Fig. 1, reaction
Ne 6), and Fe®" ions — at pH < 6.6 (Fig. 1,
reaction Ne 8).

Reactions Ne 1-3 are within the zone of
water thermodynamic stability (from —414 mV
to +814 mV), that is why microorganisms
can reduce Fe(III) to Fe(II). The reduction
reactions of Fe(II) to Fe’ are outside of this zone
(reactions Ne 4, 5). Consequently, microbial
reduction of Fe(IT) compounds is impossible.

Creation of the appropriate conditions
for microorganisms allows to regulate their
interaction with iron compounds and achieve
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the desired effect: Fe(III) reduction to Fe(II),
mobilization and immobilization of iron
compounds.

As the process of microbial transformation
of iron compounds can be predicted and
regulated,itcanbeusedinbothbiotechnological
approaches: water purification from iron and
iron extraction from depleted deposits.

In thisregard, the target of the study was the
regulation of metabolismof C. freundiiM1-31.1/1
on the basis of thermodynamic calculations. The
essence of metabolism regulation was in the
ability of the microorganism to perform two
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opposite processes, namely mobilization and
immobilization of iron compounds, depending
on the culture conditions of the strain C. freundii
Ml-31.1/1.

Materials and Methods

The object of the study was the strain MI-
31.1/1. According to cultural, morphological,
physiological and biochemical properties as
well as the results of phylogenetic analysis,
the strain MI1-31.1/1 was identified as
Citrobacter freundii. It is one of the dominant
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Fig. 1. Zones of redox-stability of Fe(I) and Fe(IIT) compounds:
a (top) and b (lower) — limit of thermodynamic stability of water:
a — is described by the equation: Oy+4H" = 2H,0 and Eh =1.228-0.0591'pH — 0.0295°1gPH,;
b — is described by the equation: 2H' + 2e = H, and Eh = 0.000 — 0.0591pH — 0.0591-1gPH,;
R;-, Ry— — organic radicals (organic acids or amino acids)
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microorganisms in the river sludge (a
widespread natural ecosystem of middle
latitude, river Grun, Synivka village, Sumy
region, Ukraine). The strain was able to
transform iron compounds effectively.

The strain can grow under aerobic and
anaerobic conditions. Therefore, C. freundii
MI-31.1/1 can realize all theoretically feasible
types of microbial interaction with iron
compounds (Fig. 1).

Since the foci of the study were two
opposite processes of microbial interaction
with iron compounds, C. freundii MI1-31.1/1
was cultivated in two types of nutrient media.
The first nutrient medium was designed for
microbial immobilization of iron compounds
and the second one was for mobilization of iron
compounds. The composition of mineral salts
and growth factors was common for both types
of the medium. Nutrient medium differed
according to carbon and energy sources and
iron compounds.

The composition of basic culture medium,
g/l:

« NH,Cl — 1.0;

- K,HPO, — 2.0;

+ Na,SO, — 0.5;

- yeast extract — 0.1;

- distilled water — 1 1.

Sodium citrate (C4HgO;Nay1.5H,0) at
the concentration of 0.7 g/1 was used as the
carbon and energy source in the first variant
of nutrient medium. As this medium was
supplied for microbial immobilization of iron,
it contained soluble compound of Fe(III),
namely Fe(III) citrate. Its concentration in the
medium was 0.22 g/1.

Citrate of Fe(III) was prepared in the
following way. Iron powder (3.0 g) was added
to 100 ml flask. Iron powder was dissolved
in the concentrated HCIl. The acid was added
fractionally (by the portions of 2 ml) to the
flask with iron under the continuous argon
flow. Argon was used to prevent oxidation
of low-potential Fe(II) by oxygen of air. To
accelerate the reaction, the flask was heated in
the boiling water bath. The dissolution of iron
took 2 hours. The chelator solution, sodium
citrate (C¢HgO,Na,'1.5H,0), was added to the
flask after iron dissolution. Sodium citrate
(15.0 g) was dissolved in 70 ml of distilled water
and the solution was added to the flask with
iron. Obtained acidic solution of Fe(II) citrate
(pH 1.0) was neutralized by addition of 6.0 g
of dry sodium hydrogen carbonate (NaHCO,).
The neutralized solution of Fe(II) citrate was
adjusted to the volume of 100 ml. Further,
Fe(II) was oxidized to Fe(III) by oxygen of air.

To accelerate the reaction the solution was
boiled for 20 min. To complete oxidation Fe(II) to
Fe (II1) 5.0 ml of 50% hydrogen peroxide solution
was fractionally (0.5 ml) added. The absence of
red color after addition of o-phenanthroline, the
specific indicator for Fe(II), indicated complete
oxidation of Fe(II) [9]. Solution of Fe(III) citrate
was sterilized for 10 min in a sealed flask in the
boiling water bath.

Glucose (10.0 g/1) was used as the carbon
and energy source in the second variant of the
nutrient medium designed to the mobilization
of iron. Iron was used in the form of hydroxide
Fe(OH); at the concentration of 0.16 g/1.

To prepare iron hydroxide (concentration
3.0 g/1 of Fe?") 8.7 g of FeClg was dissolved
in 100 ml of distilled water. Dry sodium
carbonate (Na,CO3) (6.0 g) was added with
stirring to obtained Fe(III) solution to
precipitate iron (pH 7.0). Obtained Fe(OH),
precipitate was washed three times in distilled
water by centrifugation and supernatant
decantation. Washed Fe(OH); precipitate
was suspended in 100 ml of distilled water.
Iron hydroxide suspension was sterilized in
a sealed flask for1l0 min in the boiling water
bath.

Nutrient medium (100 ml) and 3 ml of
microbial suspension in 0.9% saline solution
(McFarland standard 6 — 1.8:10° CFU/ml
of cell suspension) were added to the flasks
(volume 500 ml). Daily C. freundii MI1-31.1/1
culture grown on meat-peptone agar with
Fe(III) citrate (0.5 g/1 of Fe®') was used as
the inoculum. The flasks with the medium
for iron immobilization (first variant) were
hermetically sealed in atmosphere of air. In
aerobic conditions microorganisms consumed
citrate since it was the only source of carbon
and energy in the medium as well as chelator
in the complex [Fe(III)-citrate]. That naturally
led to the destruction of the complex and
Fe(IIT) precipitation.

To ensure iron mobilization,
microorganisms were cultured under the
conditions of limited aeration. Flasks with
medium for iron mobilization (second variant)
were purged by argon. Partial replacement of
airbyargon (O,concentration was 10% )shifted
microbial metabolism to glucose fermentation
and Fe(III) mobilization by metabolic products
(organic acids). Cultivation was performed
at 30 °C during 16 days. Nutrient medium
without inoculum was used as a sterility
control. The experiment was performed in
triplicate. Statistic analysis of experimental
data was carried out using OriginPro 8.5.1,
P <0.05.
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Metabolic activity of the strain was
evaluated by such parameters: changing of pH
and Eh values, oxygen consumption, synthesis
of hydrogen and carbon dioxide, biomass
growth, quantity of mobilized and immobilized
Fe(III) and Fe(II) compounds.

The pH and Eh value of culture liquid
was measured potentiometrically (pH-meter-
millivoltmeter “pH-150 MA”). To measure the
pH value, porous glass electrode ESK-10603/4
was used. Redox potential was measured by
platinum electrode EPV-1. Silver chloride
electrode EVL-1M3 served as the reference
one.

The composition of the gas phase in the
flask was determined by the standard method
by gas chromatograph LHM-8-MD [10]. Gas
phase composition (Ny, CO,, N, and O,) was
calculated by peak square of the gas phase
components.

The content of Fe(III) and Fe(II) was
determined by colorimetric methods. The
concentration of Fe(II) was determined using
o-phenanthroline [9]. For this purpose 0.75 ml
of 0.25% o-phenanthroline solution was added
to 1.5 ml of the sample. The presence of Fe(II)
was indicated by the appearance of red-orange
colorduetotheinteraction of Fe(II) compounds
with o-phenanthroline. The measurement of
Fe(IT) was conducted using the photoelectric
colorimeter (KFK-2MP) at A = 490 nm and an
optical path length of 0.5 cm.

The presence of Fe(III) was evidenced by
red-colored complex of Fe(IIT) with potassium
rhodanide under acidic conditions [9].
Rhodanide (0.25 ml of 1.5 M KSCN) and 0.75
ml of concentrated HCI were added to 1.5 ml
of the sample. The presence of Fe(IIl) was
indicated by the appearance of the red color.
Concentration of Fe(II) was measured by
photoelectric colorimeter (KFK-2MP) at A =
490 nm and optical path length of 1 cm.

Concentration of mobilized and immobi-
lized iron compounds was measured as follows.
Culture liquid (6 ml) was centrifuged at 2655 g
during 15 min. The supernatant was decanted
and used to quantify dissolved iron compounds
by the method described above.

The precipitate consisting of bacterial
biomass and insoluble iron compounds was
suspended in the same volume (6 ml) of citric
acid solution (concentration 3 g/1). Thesolution
of citric acid was used as a chelating compound
for dissolving the precipitated iron compounds
and their colorimetric determination. To
precipitate microbial cells obtained solution
was again centrifuged at 2655 g for 15
minutes. The supernatant was decanted and
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used to determine the concentration of the iron
compounds chelated by citric acid.

Washed microbial biomass was suspended
in 6 ml of 0.9% saline solution. Optical
density of suspended biomass was measured
by photoelectric colorimeter KFK-2MP at
A =540 nm, cuvette 0.5 cm.

Microbial suspension was centrifuged one
more time at 2655 for 15 min. The supernatant
was decanted and precipitated biomass of
microorganisms was used to determine the
concentration of intracellular iron compounds.
For this purpose precipitate was suspended
in 6 ml of 10% solution of HCI for 15 min.
Microbial cells were lysed under strong acidic
conditions. Iron compounds became available
for measurement. Acidic conditions complicate
measuring of Fe(II) concentration with
o-phenanthroline. Colored complex of Fe(II)
with o-phenanthroline at the pH < 2.0 develops
slowly and is weakly expressed [9]. Therefore,
to accurately measure Fe(II) concentration in
the cell fraction, the obtained acidic solution
was neutralized by adding of dry Na,COs.

Results and Discussion

Thermodynamic evaluation of iron
compounds stability fields is the tool
for prediction of iron transformation by
microorganisms. Microorganisms can oxidize
and reduce iron compounds, as well as mobilize
and immobilize them. The values of pH and
redox potential of medium are determining
factors that make influence on the redox state
of iron (Fig. 1)[7, 8].

Based on the composition of culture
medium and conditions of microbial growth,
we can control and regulate the pathways of
iron compounds transformation.

To verify this hypothesis we cultivated the
strain C. freundii M1-31.1/1 in two types of
nutrient medium.

Cultivation of Citrobacter freundii MI-
31.1/1 in the nutrient medium of the first
type (in the air atmosphere) facilitated
immobilization of iron compounds. In this
case Fe(IIl) citrate was used as soluble iron
compound, and dibasic sodium citrate was
the only donor of electrons. Therefore, the
mechanism of iron precipitation is in microbial
consumption of the citrate that is both source
of electrons and chelator in [Fe(III)-citrate]
complex. That should lead to degradation of
[Fe(IlI)-citrate] and iron precipitation.

Destruction of Fe(Ill)-citrate complex
by microorganisms causes immediate Fe(III)
precipitation as Fe®' cations are stable only
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under acidic conditions at the pH < 1.6 (Fig. 1,
reaction Ne 6).

Conditions of cultivation in the second
variant of medium supplied iron mobilization.
Microorganisms grew  under lowered
concentration of oxygen (10%). Glucose was
used as a single source of electron and energy.
Iron was in the form of an insoluble hydroxide
Fe(OH);. Organic acids (chelators) that
mobilize iron compounds were accumulated in
themedium during glucosedegradation (Fig. 1,
reactions Ne 7, 9).

The strain carried out theoretically
grounded types of iron compounds trans-
formation: mobilization (reduction and
chelation) and immobilization.

Fig. 2 shows increase of microbial biomass,
decrease of pH and redox potential of the
medium in the presence of Fe(III) citrate (a) and
ferric hydroxide Fe(OH)g (b). Microorganisms
reached the stationary growth phase after
two days of cultivation. However, biomass
growth in glucose medium was 4.4 times
higher than in the medium with citrate since
glucose is energetically more benefitial for
microorganisms.

The pH of the medium with citrate
remained within the range 7.1-7.5 (Fig. 2, a).
Whereas values of pH was 2.1 times lower in
the medium with glucose.

Redox potential of the medium with citrate
was in the range of +307...+369 mV (Fig. 2,
a). Microorganisms lowered redox potential to
—105 mV on glucose medium (Fig. 2, b).

Thermodynamic calculations indicated
that high values of pH and Eh provided
immobilization of iron compounds when
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cultivation of microorganisms were carried out
in the medium with citrate. On the other hand,
low pH and Eh of the medium with glucose
predetermined iron compounds mobilization,
and the possibility of reduction of Fe(III) to Fe
(II) (Fig. 1).

Fig. 3 presents the data of the gas phase
changes during the growth of microorganisms
in the presence of Fe(III) compounds.

Oxygen concentration decreased per day
from 21% to 15% in the medium with citrate.
The minimal concentration of O, (16 days) was
14.2% . Oxygen concentration decreased from
8.1t00% in 8 days when glucose was used as the
medium. In the medium with citrate, hydrogen
concentration did not exceed 0.07% , and in the
medium with glucose it was 2.6% during the
first day of cultivation. Maximal concentration
of carbon dioxide in the medium with citrate
was 6.1% after 2 days of cultivation. In glucose
medium maximal CO, concentration reached
26.5% after 8 days of growth.

Regulation of microbial metabolism allows
carrying out mobilization and immobilization
of iron compounds. As theoretically calculated
(Fig. 1) microorganisms immobilized Fe(III) in
the medium with citrate, and mobilized it in
glucose medium.

Fig. 4 shows immobilization and mobili-
zation of iron compounds by the strain
C. freundii M1-31.1/1.

Iron immobilization correlated with
biomass growth in the medium with citrate.
During the growth microorganisms consumed
citrate (single carbon and energy source)
that was chelating agent for iron. Cations of
Fe®' precipitate at the pH > 1.6 [7, 8] (Fig. 1,

b
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Fig. 2. Regularities of the strain Citrobacter freundii M1-31.1/1 growth:
a — medium with citrate; b — medium with glucose (* P < 0.05)
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reaction Ne 6). Therefore microbial destruction
of chelator (citrate) leads to inevitable Fe(III)
precipitation as the pH of the culture medium
is 7.1 (Fig. 4, a).

In glucose medium iron compounds
mobilization coincided with the stationary
growth phase of microorganisms. During this
period, organic acids (products of glucose
fermentation) must have been accumulated,
which was evidenced by pH decrease. Insoluble
iron compounds presumably were chelated by
organic acids and transformed into soluble
complexes (Fig. 4, b) under these conditions
(Fig. 1, reactions Ne 7, 9).

Gas phase,
30- OA
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t, day

Substantial difference of potentials
between the donor and acceptor systems is
the necessary condition for Fe(III) reduction.
Metabolically active microorganisms (donor
system) reduced redox potential of the medium
from +320mV to—105mVinthe medium with
glucose. These conditions promote reduction
of Fe(III) to Fe(II) (Fig. 5). Fe(III) reduction
logically took place at low values of redox
potential. At the same time, Fe(III) reduction
didn’t occur in the medium with citrate, as
redox potential of the medium was +304 mV.

The strain reduced insoluble Fe(OH); to
soluble Fe(Il) in the stationary growth phase.

’ Gas phase,
309 %
25 *
20+
154 0O, \Coz
104
54 /Hz
0 T T T T 3

0 2 4 6 8 10 12 14 16
t, day

Fig. 3. Regularities of the gas phase change during the strain Citrobacter freundii M1-31.1/1 growth:
a — medium with citrate; b — medium with glucose (* P <0.05)
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Fig. 4. Regularities of iron compounds mobilization and immobilization during the strain
Citrobacter freundii M1-31.1/1 growth:
a — medium with citrate; b — medium with glucose (* P <0.05)
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Fig. 5. Reallocation of mobilized and immobilized
compounds of Fe(III) and Fe(IT) during the strain
Citrobacter freundii M1-31.1/1 growth in the
medium with glucose (* P <0.05)

Fe(IIT) mobilized
40 %
Fe(ID)
100 %
Fe(IIT) immobilized
60 %
Fe(III) citrate
100 %
Fe(ID)
0%
a

Soluble Fe(II) compounds were accumulated
in the culture medium. The concentration of
insoluble Fe(II) was only 1.6 mg/l. Soluble
Fe(I) concentration reached 47 mg/l. The
efficiency of Fe(IIT) reduction was 30% .

Compounds of Fe(IT) are stable in soluble
form at the pH < 6.6, and Fe(III) — at the
pH < 1.6 [7, 8]. So Fe(Il) will remain soluble
even if chelating complexes are destructed
under the conditions of medium with glucose
(pH 3.6-4.6) (Fig. 1). Therefore, such
mobilization of iron is more effective than
mobilization of Fe(III) compounds only by
organic acid chelation.

Efficiency of iron compounds immo-
bilization and mobilization process as well as
their mass-balance are presented in Fig. 6.

Efficiency of Fe(III) compounds immobi-
lization was 60% in the medium with citrate.

Efficiency of iron compounds mobilization
also was 60% in the medium with glucose.
Thus, 30% of iron was mobilized in the form

Fe(IIT) mobilized
30%
Fe(TII)
70 %
Fe(lT) immobilized
40 %
Fe(0H);
100 %
Fe(II) mobilized
30%
Fe(D)
30%
b Fe(II) immobilized
0,01 %

Fig. 6. Dispersion of mobilized and immobilized iron compounds during
the strain Citrobacter freundii M1-31.1/1 growth:
a — medium with citrate; b — medium with glucose (* P <0.05)
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of Fe(III), and another 30% — in the form of
Fe(II).

Microbial transformation of iron
compounds occurs during destruction of
organic matter in freshwater and marine
sediments, aromatic  hydrocarbons in
contaminated aquifers, accumulation of iron
minerals, corrosion, etc. [11].

Microbial iron reduction influence water
quality, since it leads to the increase of the
concentration of soluble iron compounds
phosphates and toxic metals in surface
and ground waters [12—17]. Therefore, the
possibility of regulation of iron compounds
transformation pathways is necessary to
assess the interaction of microorganisms with
iron and to make influence on biogeochemical
cycles in ecosystems.
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PETYJIAIIA B3SAEMOIT
IITAMY Citrobacter freundii ML-31.1/1
3I CIIOJIYKAMMU 3AJII3A

B. M. I'osopyxa
O. B. Tawupes

TmcTuTyT Mikpobiosorii i Bipycosorii
im. [I. K. 3abonxoraoro HAH VYkpaiuu, Kuis

E-mail: vera_govor@mail.ru

MeTot0 po60THu 6yJI0 Ha OCHOBI TepMOAMHAMIY-
HUX PO3PaXyHKiB MOKA3aTH MOKJIUBICTD PEryJs-
il meraboiaismy KyasrTypu Citrobacter freundii
MI-31.1/1 pns 3mificHeHHS OBOX B3a€MHO IIPO-
THJIEKHUX IpoIleciB: Mobiaizalii Ta immoo6itisa-
mii cmosyk 3amiisda. BukopucraHo Taki meTomu:
HOTEHITiIOMEeTPUYHE BUMIPIOBAaHHSA MOKa3HUKIB
pH i Eh, xojgopumerpuyHe BU3HAUEHHS IIPU-
pocTy MikpoOHOI 6ioMacu i 3MiHK KOHIleHTpAIlil
CIIOJIYK B3ajiza, rasoBa xpomarorpadisa. Exce-
PUMEHTAJIILHO IiITBEePIKeHO MOKJINBICTH Teope-
TUYHO OOT'PYHTOBAHOI PeryidAllii IIAXiB TpaH-
copmarii saniza. Ha npukaazni ogHiel KyabTypu
(C. freundii M1-31.1/1) npomeMOHCTPOBAHO MOJK-
JUBiCcTh AK iMMoOOiiisariii, Tak i mobimisamii cmo-
JIYK 3aJ1i3a IILJIAX0M CTBOPEHHSA CIeIU(PiuHNX YMOB
POBBUTKY MiKpOOpPTraHi3dMiB y KMBUJIbHOMY Ce-
penoBuiiii. OTpuMaHi 3aKOHOMiIPHOCTI € OCHOBOIO
IJIs OIIHKM pOoJIi MiKpoopraHiamiB y 6Gioreoxi-
MiUHMX IIUKJAaxX TpaHcdopMallii cHosiyK 3ajisa
i miarpyHTAM My Po3pOoOKM GiOTEXHOJIOTiN AK
OigBuIlleHHSA eeKTUBHOCTI BUJIYUEeHHS 3ajisa 3i
30iJHEHNX POMOBUII, TaK 1 OUMINEHHS BOAU Bif
3aJrisa.

Knawuosi cnoea: TepMOAUHAMIUHUNA IIPOTHOS3,
peryasAmiaB3aeMoail MiKkpooprauisamisis 3asizom,
mobinisalia, immoOimisaris, cmoJaykum 3aJisa,
Oioreoximiuni  mukawn, IPUPOLOOXOPOHHI
6ioTexHOJIOTI].

PETYJIAIIUSA BBAUMOJIENCTBHUA
IMITAMMA Citrobacter freundii ML-31.1/1
C COEJMHEHUAMU KEJE3SA

B. M. I'osopyxa
A.B. Tawupes

WHCTUTYT MUKPOOMOJIOTUY 1 BUPYCOJOTUH
um. [1.K. 3a6omornoro HAH Ykpaunsi, Kues

E-mail: vera_govor@mail.ru

ITens paboThl — Ha OCHOBAHUU TEPMOJIMHAMU-
YEeCKUX PACUETOB ITIOKA3aTh BO3MOXKHOCTH PETyJIs-
muu metadosusma KyabTypsl Citrobacter freundii
MIl-31.1/1 pmnsa ocyriecTBI€HUS ABYX B3aUMHO
IPOTHUBOIIOJIOMKHBIX IIPOIIECCOB: MOOUIUBAIIUU U
UMMOOUIN3AIUYN COeqUHEHUN »Kesesa. VICIosab-
30BaHBI CJIEAYIOIINE METOABI: IOTEHIITNOMETPUYE-
ckoe uamepenue nokasareneit pH u Eh, xomopu-
MeTpUYecKoe OIpesiesieHne IIPUPOCTa MUKPOOHOM
6uoMacchl ¥ M3MEHEHUs KOHIIEHTPAIUU COeIu-
HEHUU :Keje3a, rasoBasd xpomartorpadus. IKc-
IepUMEHTAJbHO IOATBEPIKJeHa BO3MOYKHOCTD
TEOPEeTUUECKN OOOCHOBAHHOM PETYNANUU TyTei
TpaHchopmanuu kese3da. Ha mnpumepe ogHOU
Kyabsrypbel (C. freundii MI1-31.1/1) mpomemoH-
CTPUPOBaHA BO3MOYKHOCTh KAK MMMOOMIN3AIUH,
TaK M MOOMJIM3AIUU COeNUHEHUH Kejesa IyTeM
CO3MaHUA CHeMUPUUECKUX YCIOBUN Pa3BUTUA
MUKDPOOPTaHU3MOB B NUTATEJILHOU cperxe. YcTa-
HOBJIEHHBIE 3aKOHOMEPHOCTHU ABJISAIOTCA OCHOBOM
JIJIA OI[eHKHY POJI MUKPOOPTaHU3MOB B O1OTreoxXu-
MHUYECKUX ITUKJIAX TpaHcHopMaIlluu COeTUHEeHUH
JKeJiesa W IIPEeJNOCBLIKON [IJisi pas3paboTKu Ouo-
TEeXHOJIOTUH KaK IOBBINIeHUA d(h(HeKTUBHOCTU
U3BJIEUEHUA JKejie3a U3 UCTOIIEHHBIX MECTOPOXK-
IEeHUl, TAaK U OUUIIeHU BOABI OT JKeJiesa.

Knwuesvle cnosa: TepMoOUHAMUUYECKHUI IIPO-
THO3, PEeryJslus B3anMOIeHCTBUA MHUKPOOpTa-
HU3MOB C JKeJIe30M, MOOMJIN3alus, UMMOOMI3a-
s, COeNUHEHUA Keje3a, OMOTeOXUMUUECKUe
IUKJIBI, TPUPOIO0OXPAHHBIE O6MOTEXHOJIOTUH.
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