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THE REGULARITIES OF IRON COMPOUNDS
TRANSFORMATION BY CITROBACTER FREUNDII
Mi-31.1/1

The purpose of the work was to study the regularities of Fe(Ill) compounds reduction under

the conditions of limited aeration by the strain Citrobacter freundii MI-31.1/1, and to assess the
role of Fe(Ill)-reducing bacteria (FRB) in iron compounds transformation in ecosystems. The
following methods were used: cultivation of microorganisms under the conditions of limited
aeration, colorimetric determination of biomass and Fe(Ill) and Fe(Il) compounds concentra-
tion, the potentiometric measuring of pH and Eh, gas chromatography. Results: Thermody-
namic calculations of microbial interaction with iron compounds were experimentally verified.
The regularities of Fe(Ill) and Fe(Il) compounds transformation by the model strain Citro-
bacter freundii MI-31.1/1, isolated from the typical mid-latitude ecosystem — river sludge were
obtained. The balance of iron compounds redistribution in cells and in the extracellular fraction
was established. Conclusions: The results obtained are the basis to assume that non-specific
interaction of microorganisms with iron may significantly influence transformation of iron.
Thermodynamic prognosis allows to carry out targeted regulation of microbial metabolism.

Key words: thermodynamic prognosis, microbial Fe(Ill) reduction, precipitation
of iron compounds, biogeochemical cycles of iron transformation.

The participation of microorganisms in the processes of iron compounds
transformation is already known for about a century [1, 2]. Although microbial
iron reduction has been studied for a long time, the regularities of iron compounds
transformation by microorganisms, as well as their contribution to biogeochemical
cycles of iron transformation in ecosystems are still poorly understood.

It is considered that the leading role in the reduction of Fe(III) to Fe(II)
belongs to dissimilatory Fe(Ill)-reducing bacteria. However, a limited number
of microbial species (for example, Shewanella putrefaciens, Geobacter
metallireducens) is known to specifically reduce Fe(IIl) in dissimilatory
metabolism producing energy [3, 4, 5]. On the other hand, there are many
microorganisms that reduce Fe(IIl) compound as well as oxygen, nitrate, sulfate
and other terminal electron acceptors (for example, Bacillus, Clostridium,
Desulfovibrio, Escherichia, Pseudomonas, etc.) [2, 6].

Thermodynamic evaluation of pathways of iron compounds transformation
confirms that Fe(IIl) may be reduced to Fe(Il) by a wide range of
microorganisms. We assume that these microorganisms can reduce Fe(III)
compounds non-specifically, i.e, by production of exometabolites-reducing
agents, by lowering of redox-potential of nutrient medium, as well as by low-
potential redox-enzymes functioning.

These organisms are widespread in natural ecosystems, and microbial
reduction of Fe(IIl) to Fe (II) is thermodynamically feasible. So, we assume
that the non-specific Fe(Ill) reduction should significantly influence the
biogeochemical cycles of iron compounds transformation in ecosystems.
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Therefore, the purpose of our work was to study the regularities of Fe(III)
compounds reduction under the conditions of limited aeration by the strain
Citrobacter freundii M1-31.1/1, and to assess the role of Fe(IlI)-reducing bac-
teria in iron compounds transformation in ecosystems.

Materials and methods. The regularities of microbial iron reduction were
studied using a model strain Citrobacter freundii M1-31.1/1. We isolated as
the result of natural ecosystems screening for the presence of Fe(Ill)-reducing
bacteria. We isolated the strain from a widespread natural ecosystem of middle
latitudes — river sludge (river Grun, Synivka village, Sumy region, Ukraine).
The strain reduced Fe(IIl) compounds the most effectively among the dominant
strains of this ecosystem. Basing on the totality of morphological, physiologi-
cal and biochemical characteristics as well as phylogenetic analysis results the
strain was identified as Citrobacter freundii. The strain Citrobacter freundii
MI1-31.1/1 is deposited in the collection of Department of Extremophilic Mi-
croorganisms Biology of Zabolotny Institute of Microbiology and Virology of
NASU.

River sludge is a mixture of organic compounds that are degradation prod-
ucts of aquatic organisms. Therefore, cultivation of microorganisms was carried
out in protein nutrient medium “Nutrient broth” (NB) (HiMedia Laboratories
Pvt. Ltd., India), and in the NB with glucose (NB+gl) (glucose concentration
was 10 g/l). Glucose was used as the additional carbon and energy source
stimulating the functioning of low-potential redox-enzymes. The concentration
Fe(II) citrate in the nutrient medium was 0.2 g/l of iron cations.

Nutrient medium (200 ml) and 3 ml of microbial suspension in physiologi-
cal solution (McFarland standard 6 — 1.8-10° CFU/ml of cell suspension) were
added in flasks (volume 250 ml). The flasks were sealed by rubber stoppers
and metal clamps. Cultivation was carried out under the conditions of limited
aeration at 30 °C during 48 hours.

Following parameters were the criteria of microbial metabolic activity. They
were change of pH and Eh value, oxygen consumption, hydrogen and carbon
dioxide synthesis by microorganisms, biomass increase, decrease of Fe(III)
concentration and increase of Fe(II) concentration.

The pH and Eh of the culture liquid was measured by the potentiometric
method with the pH-meter-millivoltmeter “pH-150 MA”. The measuring elec-
trode DCK-10603/4 was used to determine the pH. Redox-potential was mea-
sured using platinum measuring electrode OI1B-1. The silver chloride electrode
OBJI-1M3 was used as reference.

The gas phase composition in the flasks was determined by the standard
method using a gas chromatograph JIXM-8-M/I [7]. The chromatograph is
equipped with two steel columns — first (I) for analysis of H,, O,, N, and CH,,
second (II) — for analysis of CO,,.

Detector-katharometer column parameters: [ — 1 =3 m, d = 3 mm, with a
molecular sieve 13X (NaX); Il —1=2 m, d = 3 mm, with Porapak-Q carrier.
Column temperature — +60 °C, evaporator temperature — +75 °C, detector tem-
perature — +60 °C. The detector current — 50 mA. Carrier gas — argon, the gas
flow rate — 30 cm*/min.

The percentage of primary gases — H,, CO,, N, and O, — in the gas phase
was determined by the standard procedure calculating the peak square of the
gas phase components.
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The concentration of Fe(Ill) and Fe(Il) was determined in cells and in the
extracellular fraction. The concentration of dissolved and precipitated Fe(III)
and Fe(Il) compounds was also calculated in the extracellular fraction.

The contents of Fe(Ill) and Fe(Il) was measured by colorimetric methods.
The concentration of Fe(Il) was determined using o-phenanthroline [8]. 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(Il) was indicated by the appearance of red-
orange color due to the interaction of Fe(II) compounds with o-phenanthroline.
The measurement of Fe(Il) was conducted using the photoelectric colorimeter
(KDK-2MII) at A =490 nm and an optical path length of 0.5 cm.

The concentration of Fe(IIl) was determined by the formation of red-col-
ored compounds of Fe(IIl) with potassium rhodanide in acidic conditions [8].
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 ap-
pearance of the red color. Concentration of Fe(II) was measured on photoelec-
tric colorimeter (KOK-2MII) at A = 490 nm and optical path length of 1 cm.

The concentration of iron compounds was measured according to the
following scheme. First of all, 6 ml of culture liquid was centrifuged at 2655 g
for 15 minutes. The supernatant was decanted and used for the measurement
of dissolved iron compounds concentrations by the method described above.

The precipitate consisted of bacterial biomass and precipitated iron
compounds. It was suspended in the same volume (6 ml) of citric acid solution
(3 g/D. Citric acid solution of was used as the chelating compound to transform
the precipitated iron compound into dissolved form. which is available for the
colorimetric measuring. The obtained solution was centrifuged at 2655 g for
15 minutes again. The supernatant was decanted and used to determine the
concentration of the precipitated iron compounds.

The precipitate consisting of bacterial biomass was suspended in 6 ml of
physiological solution to measure its optical density. Optical density of the
cell suspension was measure by photoelectric colorimeter (KDOK-2MIT) at
A =540 nm in 0.5 cm cuvette. Biomass growth was estimated by increase of
its concentration in the medium. For this purpose optical density of biomass
suspension was recalculated to the concentration of biomass according to the
calibration graph.

The cell suspension was centrifuged one more time at 2655 g for 15 minutes.
The supernatant was decanted. The precipitated biomass of microorganisms
was used to determine the concentration of iron compounds in cells. The
precipitate was suspended in 6 ml of 10 % HCI. Microbial cells were lysed
in strongly acidic conditions at pH = 1.0. Iron compounds became available
for measurement. The color of Fe(II) and o-phenanthroline complex develops
slowly and is weakly expressed at pH < 2.0 [8]. Therefore, the obtained acidic
solution was neutralized by adding dry Na,CO, to accurately measure the
concentration of Fe(II) compounds in the cell fraction.

Results and discussion. Only a limited number of microorganisms (for
example, Shewanella putrefaciens, Geobacter metallireducens) were thought
to reduce Fe(Ill) compounds and to use it as a terminal electron acceptor in
dissimilatory metabolism [3, 4].

Thermodynamic evaluation of iron compounds transformation pathways
showed that microorganisms may reduce Fe(III) to Fe(I), as well as mobilize
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and immobilize iron compounds. The transformation of iron compounds is
determined by the values of pH and redox-potential, that are influenced by
microorganisms. The fields of iron thermodynamic stability were designed by
us according to Pourbaix equations [9].

Fe(IlT)-reducing bacteria were shown to be widespread in natural
ecosystems according to our previous screening. These ecosystems differ in
geographical location (Antarctic, Arctic, the Dead and the Black Sea, South
America (Ecuador), mid-latitudes (Ukraine, Abkhazia)) and in a range of
extreme factors affecting microorganisms (organic and inorganic xenobiotics,
temperature, light conditions, etc.) [10].

Iron compounds are present in ecosystems at a concentration from several
milligrams to grams per 1 kg of soil [11]. The number Fe(Ill)-reducing bacteria,
according to our researches, ranges from 1.1-10% to 2.8-107 cells/g of absolutely
dry sample [12]. Therefore, microorganisms capable to reduce Fe(III) to Fe(II)
can be assumed to play an important role in the biogeochemical cycles of iron
compounds transformation in ecosystems.

Microbial iron reduction efficiency depends on the difference of potentials
between electron donor and acceptor systems. Acceptor system potential, i.e.
Fe(IIl) compounds, doesn’t change. Therefore, the efficiency of microbial iron
reduction can be increased by changing the potential of donor system [9, 13]. In
this connection, to study the regularities of iron compounds transformation model
strain Citrobacter freundii M1-31.1/1 was inoculated in two variants of the liquid
medium. The first one was a protein medium (nutrient broth — NB). The second
one was a protein medium with glucose at the concentration of 10 g/l. Glucose
was used as an additional low-potential electron donor for microorganisms.

Comparison of microbial growth parameters indicated that the presence of
glucose in protein culture medium increased the activity of the strain growth
(Fig. 1).

This is manifested in the biomass increase. Culture reaches the stationary
growth phase after 5 hours of cultivation in protein culture medium, as well as
in the medium with glucose. However, the optical density at this point is 1.4
times higher in the medium with glucose. Decrease of pH and redox-potential
of the medium was proportional to the growth of biomass during 5 hours of
cultivation. The pH of the protein medium decreased to a minimum value of
6.9, and than remained within 7.0-7.2. The pH of the medium with glucose
decreased to 6.4 in 5 hours of growth, and further — to 5.3 gradually over the
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Fig. 1. Dynamics of changes in growth metabolic parameters of the strain Citrobacter
freundii M1-31.1/1: a — in protein medium (NB); b — in protein medium with glucose
(NB+gl)
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next 43 hours. The redox-potential of the medium with glucose was decreased
from +450 mV to —65 mV, and of the protein medium — only to +95 mV.
Consequently, during the strain growth redox-potential of the medium with
glucose decreased to 160 mV lower than of the protein medium.

Oxygen consumption occurred proportionally to the biomass growth in the
protein medium (Fig. 2). The concentration of O, in the gas phase decreased
from 21 % to 13.9 % during 8 hours of growth. After microorganisms reached
the stationary growth phase the rate of its use was significantly decreased. At
the same time the concentration of O, on glucose medium was decreased up to
11.3 %. After 15 hours of microbial growth the concentration of O, on glucose
medium was 4 %.

The concentration of carbon dioxide after 8 hours of cultivation in the
medium with glucose was 1.8 times higher than in the protein medium. The
maximum concentration of CO, in the protein medium was 7.6 % after 48 hours
of the strain growth. In the medium with glucose maximum concentration of
carbon dioxide (23.8 %) was noted after 39 hours.

The maximum hydrogen concentration after 8 hours of cultivation in protein
medium was 1.3 %, that is 5 times lower than in the medium with glucose.
Maximum concentration of H, on the medium with glucose was after 15 hours
of cultivation (21.6 %) and then remained within 15.7-14.5 %. It is 18 times
higher than for the protein medium.

Thermodynamic evaluation allows to prognose the pathways of iron
compounds transformation by microorganisms. The data obtained suggest that
the strain can quickly and effectively reduce Fe(IIl) to Fe(II) [9, 10]. This
is facilitated by low value of the redox-potential of culture liquid, intensive
decrease of oxygen concentration in the gas phase that may inhibit Fe(III)
reduction as the competitive terminal electron acceptor [13]. Active hydrogen
synthesis may indicate the functioning of low potential redox-enzymes that
contribute to the effective reduction of Fe(III) compounds.

Comparison of metabolic parameters of the strain growth gives reason to
suppose that the efficiency of Fe(IIl) reduction by microorganisms will be
higher on the medium with glucose. This is evidenced by the following: the
redox-potential of the medium with glucose was 160 mV lower than that of the
protein medium, concentration of O, after 15 hours of growth was 2.8 times
lower and H, concentration was 19.1 times higher.
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Fig. 2. Dynamics of changes in the concentration of O,, H,, CO, during the growth of the
strain Citrobacter freundii M1-31.1/1: a — in protein medium (NB); b — in protein medium
with glucose (NB+gl)
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We can prognose Fe(IIl) reduction, as well as the effectiveness of iron
compounds precipitation. Basing on thermodynamic calculations the efficiency
of iron precipitation on the protein medium may be higher than on the medium
with glucose.

Ions of Fe* are not stable at the pH above 1.6, and Fe?" ions — at the pH
above 6.6 [9]. The pH values of the protein medium did not fall below 6.9. So
it is likely that Fe(IIl) and Fe(II) may precipitate if microorganisms degrade
the chelating compound — citrate. At the same time, organic acids are often
degradation products of glucose. They may chelate iron and keep it in solution
in stable form.

Furthermore, CO, concentration increasing in the protein medium at the
pH values close to neutral promotes the formation of insoluble iron carbonate
(FeCO,). Despite the fact that CO, concentration in the medium with glucose
was by 3.1 times higher than in the protein medium its pH was significantly
lower (up to 5.3). Formation of insoluble iron carbonate is impossible in acidic
conditions.

Formation of sulfide during the degradation of sulfur containing amino acids
by microorganisms is another factor contributing to the precipitation of iron
compounds. Well-soluble form of sulfide — sulthydryl anion (HS") — dominates
at the pH close to neutral, as it is in the protein medium. Consequently, HS
precipitates Fe(Il) compounds in the form of FeS. Additionally, sulthydryl
group reduces Fe(IlI) to Fe(Il) and then forms an insoluble iron sulfide (FeS).
At the same time, microorganisms acidified the medium with glucose. Under
such conditions, the H2S form is predominant. Hydrogen sulfide is gas that has
low solubility in water. That is why iron sulfide is not formed [14].

Obtained results of the strain Citrobacter freundii M1-31.1/1 interaction
with Fe(IIl) confirm our thermodynamic calculations [10]. Microorganisms
reduced Fe(III) to Fe(Il), precipitated iron compounds and accumulated them
in cells.

As expected, Fe(IIl) reduction efficiency was twice higher in the medium
with glucose than in the protein medium. The effectiveness of Fe(IlI) and Fe(II)
precipitation was by 6.1 times higher in the protein medium. The efficiency of
iron compounds accumulation was by 3.4 times higher in the protein medium
too.

It is known that microorganisms can dissimilatory reduce Fe(IIl) by iron
specific reductases with energy obtaining (for example, Shewanella putrefa-
ciens, Geobacter metallireducens [3, 4, 5]). In this case, iron reduction corre-
lates with biomass increase, that is its reduction occurs in logarithmic growth
phase. This process is carried out by enzymes specialized, namely specific, for
Fe(IIT). We call this type of Fe(III) reduction as specific iron reduction.

Another way is to reduce Fe(Ill) in late logarithmic and stationary growth
phases, and presence of Fe(IIl) doesn’t increase biomass yield. In this case,
iron reduction may occur due to non-specific redox-enzymes as well as exome-
tabolites-reducing agents (for example, cysteine). This type of Fe(III) reduction
we call non-specific iron reduction.

Comparison of metabolic parameters of the strain growth gives reason to
suppose that it reduced Fe(III) to Fe(Il) non-specifically. Active reduction of
Fe(III) began after 2 hours of microbial growth. Intensive Fe(IIl) reduction oc-
curred in the late logarithmic growth phase, and also continued in early station-
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ary growth phase in the medium with glucose (Fig. 3). This may indicate non-
specific Fe(Ill) reduction due to the accumulation of exometabolites-reducing
agents in the culture medium.

The efficiency of iron compounds precipitation was higher in the protein
medium than in the medium with glucose. The most intensive Fe(III)
compounds precipitation was observed when microorganisms reached
the stationary growth phase after 10 hours of growth. The most intensive
precipitation of insoluble Fe(II) compounds was noted after 15 hours of growth
(Fig. 4).

The efficiency of iron compounds accumulation in cells was also higher
in the protein medium. The rate of their accumulation does not correlate
with the biomass increase. We assume that the accumulation of iron can be
attributed to its sorption by dead cells. Substrate concentration in the protein
medium is lower than in the protein medium with glucose, where glucose is an
additional source of carbon and energy. Since microorganisms in the protein
medium are limited in the substrate, the cell death and biomass sorption of iron
compounds may occur more intensively. Fig. 5 illustrates the concentration of
iron compounds absorbed by microbial cells.

The efficiency of Fe(IlI) reduction to Fe(II) twice increased when glucose
was used as the additional electron donor. Concentration of Fe(I) was 89 mg/I
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Fig. 3. Dynamics of changes in the concentration of dissolved Fe(III) and Fe(II) com-
pounds during the growth of the strain Citrobacter freundii M1-31.1/1 in protein medium
(NB) and in protein medium with glucose (NB+gl)
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Fig. 4. Dynamics of changes in the concentration of precipitated Fe(III) and Fe(II) com-
pounds during the growth of the strain Citrobacter freundii M1-31.1/1 in protein medium
(NB) and in protein medium with glucose (NB+gl)
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Fig. 5. Regularities of Fe(III) and Fe(Il) compounds accumulation by cells of the strain
Citrobacter freundii M1-31.1/1 in protein medium (NB) and in protein medium with
glucose (NB+gl)

in the protein medium after 48 hours of the strain growth, and 188 mg/1 in the
medium with glucose.

The balance of iron compounds redistribution in cells and the extracellular
fraction after 48 hours of growth is shown on Fig. 6.

The efficiency of Fe(Ill) reduction to Fe(Il) by Citrobacter freundii Ml-
31.1/1 was 2 times higher in the medium with glucose than in the protein
medium. The efficiency of Fe(Ill) and Fe(II) precipitation in the medium with
glucose was by 5 and by 8 times lower respectively. The efficiency of Fe(III)
and Fe(II) accumulation was also 3 times lower in the medium with glucose.

Thus, we obtained the regularities of Fe(Ill) and Fe(Il) compounds
transformation by the model strain Citrobacter freundii M1-31.1/1, isolated
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Fig. 6. The balance of redistribution of precipitated and dissolved iron compounds in
cells and the extracellular fraction by the strain Citrobacter freundii M1-31.1/1: a —in
protein medium in protein medium (NB) and in protein medium with glucose (NB); b

—in protein medium with glucose in protein medium (NB) and in protein medium with
glucose (NB+gl)
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from the typical mid-latitude ecosystem — river sludge. Thermodynamic
calculations of microbial interaction with iron compounds were experimentally
verified. It was shown that the reduction of Fe(III) to Fe(II) by microorganisms
occurs non-specifically in late logarithmic and early stationary growth phase.
It is demonstrated that efficiency of Fe(III)-reduction increased in the presence
of low-potential electron donor. The efficiency of Fe(Ill) and Fe(IT) compounds
precipitation increased at the pH value close to neutral, and when carbon
dioxide and sulfhydryl groups were accumulated.

Conclusions.

The results obtained are the basis to assume that non-specific interaction of
microorganisms with iron may significantly influence transformation of iron.

Thermodynamic prognosis allows to carry out targeted regulation of
microbial metabolism. It makes possible to prognose and control the intensity
and efficiency of iron compounds transformation by microorganisms.
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PeszwwMme

Meroto pobotn Oyn0 JociipKeHHS 3akoHoMipHOCTeH BinHOBiIeHHS crioiyk Fe(Ill) B
yMoBax oOMexeHoi aeparii mramom Citrobacter freundii M1-31.1/1, a Takox o1iHKa posti
3aJT1i30BiTHOBITIOBABHIX OaKTepiil y Tpanchopmarii croiyk 3aji3a B ekocuctemax. bymm
BHUKOPHCTaHI HACTYIHI METOIM: KYJIBTHBYBAaHHS MIKpOOPTaHI3MiB B yMOBaX OOMEXEHOi
aepallii, KOJIOpUMETpUYHE BU3HaYeHHs Oiomacu i koHueHtpauii cionyk Fe(Ill) i Fe(Il),
noteHiomerpryae BuMiptoBanusa pH i Eh, rasoBa xpomatorpadis. Pesynsratn. Excre-
PUMEHTAJIFHO TiTBEP/UKEHO TEPMOJMHAMIUHI PO3paxyHKH B3a€MOJlii MiIKpOOpraHi3MiB
31 criostykamu 3aiiza. OTpuMaHo 3akoHOMipHOCTI Tpancdopmanii cnonyk Fe(IIl) i Fe(Il)
MonensHUM mTtamoM Citrobacter freundii M1-31.1/1, BumineHIM i3 THIIOBOi €KOCHCTEMH
CepenHixX MIMpOT YKpaiHu — PIYKOBOTO Myly. BcTaHOBIIEHO OanaHc rmepepo3mnoiry cro-
JIYK 3aJTi3a y KJIITHHAX, a Takoxk po3urHeHux 1 ocapkennx Fe(Ill) i Fe(Il) y no3akiitunHii
¢pakmii. BucroBku. OTpuMaHi pe3yasTaTH JO3BOIAIOTH MPUITYCKATH, IO Hecennpidaa
B3a€MOJIisl MIKPOOPTaHi3MiB i3 3aJ1i30M MOXe CyTTEBO BIUIMBATH HA TPaHC(HOPMAIIIIO CII0-
JyK 3aji3a. TepMoarHaMidHE POTHO3YBaHHS J03BOJISIE 3/1IHCHIOBATH CIIPSIMOBAHY pery-
TS0 MIKPOOHOTO METaboMi3My.

Kamod9o0Bi cioBa: TepMOIUHAMIUYHHINA NPOrHO3, MikpoOHe BigHOBIeHHS Fe(Ill),
0CaJKCHHS CIIOJYK 3ai1i3a, 010reoXiMiuHi MUK TpaHchopmallii 3asiza.

B.M. TI'oséopyxa, A.b. Tawupees

Hnemumym muxpobuonoeuu u supyconoeuu um. /[.K. 3abonomnoeco HAH Yxpautnuvl,
yn. 3abonomnoeo, 154, Kues, 03143, Ykpauna

3AKOHOMEPHOCTHU TPAHC®OPMAIIAY COETVUHEHUM KEJIE3A
CITROBACTER FREUNDII Ml1-31.1/1

ISSN 0201-8462. Mixpobion. scypn., 2016, T. 78, Ne 1 41



PeszwmMme

enpro paboThI OBLTO UCCIEIOBAHNE 3aKOHOMEPHOCTEH BOCCTAHOBIICHHS COSINHEHHNA
Fe(Ill) B ycnoBusix orpanndenHoit aspamun mrammom Citrobacter freundii M1-31.1/1, a
TaKXKe OLCHKA POJIM YKEJIe30BOCCTAHABINBAIOIIMX OakTepuil B TpaHchopmanuu coeau-
HEHHH XKeJe3a B 9KOCHCTeMax. bbuin MCIONb30BaAHEI CIIEAYIONINE METOIbI: KyIbTHBH-
pOBaHNE MUKPOOPTaHW3MOB B YCIIOBHSIX OI'PAaHHMUYCHHOM a’panny, KOJIOPUMETPHUECKOE
orpezeseHue ouomaccel 1 koHneHTpaunu coequnennit Fe(I11) u Fe(I), norenmuomerpu-
yeckoe n3mepenue pH u Eh, rasoBas xpomarorpadus. Pesynasrarel. DKCIepIMEHTAIBHO
TTOATBEPKICHBI TEPMOJMHAMHYIECCKHE PaciyeThl B3aNMO/ICHCTBUSI MUKPOOPTaHIU3MOB C CO-
enuHeHusiMu xkenesa. [lomyuensl 3akoHoMepHOCTH Tpanchopmarmu coenuHenuit Fe(I1l)
u Fe(Il) momensuapM mtammoM Citrobacter freundii M1-31.1/1, BeIAeIeHHBIM U3 TUIIOBO
9KOCHCTEMBI CPEHUX IIHPOT YKPAauHbI — PSYHOTO Mia. YCTaHOBIIEH OallaHC Iepepacmpe-
JICTICHUSI COSMHEHHH jkene3a B KJIeTKaxX, a Tak)Ke PaCTBOPEHHBIX 1 ocaxaeHHbIX Fe(Ill) u
Fe(Il) Bo BHEKIIeTOUHOU (ppakiun. Brromas!. IlomydeHHbIe pe3yabTaTsl JAI0T OCHOBAHUS
MIPEe/IIoJIaraTh, YTo HeCHenU(PpUIECKoe B3aNMOICHCTBHE MUKPOOPTaHU3MOB C JKEJIE30M MO-
JKET CYILIECTBEHHO BJIMATH Ha TpaHc(opMalMIo coemHeHni xkenesa. TepmoquHamMuueckoe
MIPOTHO3UPOBAHNE TO3BOJIAET OCYIIECTBIISITH HAIIPABIEHHYIO PETYIISIIMI0 MUKPOOHOTO Me-
Tabomm3Ma.

KnrmoueBble cI10Ba: TepMOAMHAMHUYECKUN POTHO3, MUKPOOHOE BOCCTAHOBIIE-
uue Fe(Ill), ocaxxnenne coequHEHMI jkere3a, OMOreOXnMHUYECKUe IIHKITBI TpaHCc(hopMarnu
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