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Abstract

In the underground waters not polluted by organic compounds the bivalent iron occurs in the form of
hydrocarbonates. An inseparable part of ferrum ions are ferrum bacteria. As a result of the literature review carried
out it is determined that up till present no mechanism of the impact of additional source of non-organic carbon on the
processes of in-cellular metabolism of Gallionella type bacteria had been established. The aim of the paper is the
determination of the effect of the additional source of non-organic carbon in the form of Na,CO; on processes of
metabolism and the rate of biochemical oxidation of iron compounds by bacteria Gallionella sp. and the devel opment
of the possible mechanism of the assimilation of non-organic carbon in the recovered pentose phosphate cycle. The
comprehensive scheme of activating bacteria metabolism devel oped by us testifies to the possibility of increasing the
energy capacity of recovered pentose phosphate cycle, the accel eration of metabolism cycles and the rate of pumping
electrons via the fermentative cell system. The totality of presented processes results in speeding up the fermentative
oxidation of Fe** on the surface of a cell with the final formation of matrix structures of biominerals and the increased
efficiency of bioreactors operation.
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1. Introduction

In the underground waters non-polluted by organic compounds the bivalent iron occurs, asarule, in the form of
hydrocarbonates. In non-oxidized underground watersiron ions (11) are subjected to hydrolysis with the formation of
complexes:

Fe’* +OH™ =FeOH™; (1)
Fe?* +20H" = Fe(OH), . )

An inseparable component of ferrum ions in underground waters are various kinds of iron and of
manganum oxidizing bacteria The presence of these or other kinds of iron bacteria depends on a number of factors.
The main ones include the level of pH — Eh of the medium, the availability of dissolved organics or of mineral
carbon, and also the presence of Fe** ions. In acid waters with pH=3.5-5.0 the devel opment of Th.ferroidans bacteria
isobserved. In waterswith the pH level =5.5-7.5 and Eh=100 — 300mB there are Gallionella gram negative chemo-
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litho-autotrophs the energy source for which is a non-organic carbon contained in the form of free carbon dioxide or
hydrocarbonates. Bacteria of this type develop in microaerophile conditions with the concentration of dissolved
oxygen from 0.1 to 3.0 mg/dm? with t = 8-16 °C and concentration of Fe** from 1.0 to 30 mg/dm®,

In waters with the pH level = 6.0-7.5, under anoxide conditions with the concentration of oxygen
1.0-3.0 mg/dm®, t = 10-40 °C, there is observed the active development of gram negative heterotrophic bacteria of
Lephothrix type. The concentration of dissolved oxygen for this type of bacteriais not alimiting factor. The oxidation
of ferrum by these bacteriais not connected with receiving energy but is a consequence of the oxidization by products
of their in-cellular metabolism — by hydrogen peroxide. The source of carbon is organic acids and sugar. Bacteria of
Lephothrix type are able to develop under the conditions of the pollution of underground waters by dissolved humin
acids. The works by Czekalla, 1985; Seppinen H. 1991; Mouchet, 1992; Mencha M. N., 2000; Zhurba M.G., 2006;
[1-5] are dedicated to studying possibilities of using iron bacteriain the branch of treating underground waters.

However, most of them study only the natural mechanism of the iron compounds oxidation with the help of
varioustypes of iron bacteria[1, 2, 4], and also optimal values of dissolved oxygen, pH — Eh values of medium [2, 3,
5], of therate of filtering in bioreactors with permanent water consumption [3, 5].

Up till present, there had been no studies of the optimal value of bicarbonate alkalinity of outlet water, and also
of using the additional source of non-organic carbon of Gallionella chemo-litho-autotrophs. Thus, an urgent task is
the disclosure of the effect of the additional source of non-organic carbon on processes of mass transfer, rate of
biochemical oxidation of ferrum compounds and the development of the mechanism for assimilating non-organic
carbon into recovered pentose phosphate cycle exemplified by Gallionella bacteria.

2. Analysisof recent publications and resear ch

At present, several mechanisms are known which describe the movement of electrons along the breathing chain
of chemo-litho-autotrophs of bacteria. Fig. 1 presents the mechanism of the el ectrons transport in the breathing chain
of chemo-litho-autotrophic ferrum bacteria[6].
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Fig. 1. Scheme of electrons movement for aerobic chemo-litho-autotrophic
iron bacteria[6]

As aresult of the wide spectrum of research concerning physiology, genomics and systematics of fresh water
ferrum bacteria conducted by a group of scientists under the guidance of David Emerson, Eric Fidd and Caren
Davenport in Bigelow Laboratory for Ocean Sciences, in East Boothley Harbor, in Los Alamos National Laboratory,
in DOE Joint Denome Ingtitute, in Walnut Creek, USA the improved scheme was suggested of the transport of
electrons from Fe** ions, in cyto-plasmatic membrane of ferrum bacteria Gallionella (Fig. 2).

The schemeis based only on genomic analysis MtA and shows the possibility of protein to initiate to initiate
the oxidation of F€** to Fe**. In work [7] it is shown that the mechanism of electrons transport from the exterior cell
of membrane to cytoplasmais still unknown. As aresult of studies[7] is determined that bacteria of Gallionella ES-2
type have no bc; chrosomes and it was assumed that ACII1 pool may substitute their functions. The organism has bd
type of cytochrome oxidase, which may interact with quinones. According to Emerson researches the chain of
electrons movement consists of five separate complexes [8]. Gallionella orgamism is fully completed with genomes
for NADH of dehydrogenaze, and aso with complex of dehydrogenaze succinate (Fig. 2).

The microrganism has quinon with the help of which the splitting off and the transfer of the eectron from NADH
dehydrogenaze to cytochrome complex ACIII takes place. As was noted down in papers [7,8] the microorganism has a
cluster which indudes molybdopterin oxidoreductase. This[ACIII] complex is able to interact with pools of quinions and
movements of eectrons to the termina of oxidaze [9] as a result of which a microorganiam is able to use it ingtead of
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cytochrome bc; complex. The microorganism has aso cytochrome of cbb; oxidaze which have larger inclination for
oxygen [10]. Beddes, the microorganism codes cytochrome of bd-oxidaze which is dso the indination for norma
deve opment in the conditions for the presence of oxygen and is connected directly with quinion pool [11].
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Fig. 2. Scheme of electron motion from Fe?* ions to the respiratory chain at the Gallionella CPM [7]

Ferrum bacteria of Gallionélla type are well adapted to chemolithoautotropy, including the assimilation of CO,
and have the system of electrons trangport adapted for their devel opment in the medium with low concentrations of
oxygen. Correspondingly to [7] Gallionella contain additional genesfor producing polysaccharide and for fixing CO,,
and also are adapted to the action of heavy metals.

3. Forming paper aim

The aim of theoretical researches was to reveal the impact of the additional source of non-organic carbon in the
form of Na,CO; on processes of mass transfer and rate of biochemical oxidation of ferrum compounds into
Gallionella sp. The development of the possible mechanism of the assimilatio of nonorganic carbon with Na,COs in
recovered pentose phosphate cycle.

4. Presentation and discussion of research results

On the basis of the theory of electrons movement mechanism from Fe’* ions to breathing mechanism on
cytoplasmic membrane ferrum bacteria of Gallionella type [7] we for the first time suggested the mechanism for
activating processes of electron transport, the assimilation of carbon dioxide, the operation of proton cellular pump in
ferrum bacteria of Gallionella type with removing products of hydrolysis outside the boundaries of reaction in
bioreactors while using the additional source of carbon in the form of calcinated soda (Fig. 3).

In underground watersiron is contained in the presence of HCOj ions bath in the form of Fe?*, Fe(OH)* and in
the molecular form of Fe(OH),. Under the insufficient quantity of dissolved oxygen in water and the presence of
other reducersthe oxidation of ferrum compounds (I1) is preceded by hydrolysis.

Fe?* +2HCO3 +2H,0 « FeOH), +2[CO, +H,0); 3)
5 H,0O
Fe“" +2HCO3 « Fe(OH), +2COy; (4)
HO H HO H'

+

Fez S - FeOH + N - Fe(OH)E (5)

Therefore, in the block “source waters’ (Fig. 3) two processes connected with the gydrolysis of ferrum
compounds are simultaneously considered. | — hydrolysis of ferrum hydrocarbonate Fe(HCOs),, with formation of
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Fe(OH), and two molecules of CO,. Il — hydrolysis of the small quantity of Fe** ions with the formation of
FeOH — Fe(OH), and the removal of two protons which acidize water. This process is simplified (without the
influence of dissolved organic substances, sulfides and hydrosulfides) and presented in Fig.3 in block “source water”.
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Fig. 3. The complex scheme of activation of processes of intracellular metabolism of bacteria Galliondlla,
fixed on contact loading of a bioreactor using the additional source of carbon in the form of cal cinated soda

In the mixer, there tales place the stage by stage introduction into the source water of the solution of calcinated
soda and air oxygen. In soda solution introduction, there takes place the hydrolysis of Na,CO; by anion with the
formation of two molecules CO, and two molecules of ions hydroxide which neutraize two protons created in outlet
water as aresult of the hydrolysis of Fe?* and which are removed as water from the zone of reaction:

2HCO3™ +2H*IOH™ ® 2[H,0+CO,]+20H" ; (6)

20H™ +2H" =2H,0. 7)

When introducing the calculated concentration of dissolved oxygen 1/4 O, there takes place the oxidation of the
part of ferrum compounds (I1) to ferrum hydrooxides (111) with their removal outside the boundaries of the zone of the
biological process of treatment. When introducing calcinated soda, there takes place the increase in pH and the
biocarbonate akalinity of the medium, the speeding up of the processes of hydrolysis. Simultaneoudly with this, the
removal of products of hydrolysis from the zone of reaction contributes to more compl ete formation of Fe(OH)3 in the
mixer. Carbon which isintroduced at this stage to mixer, isan additional source for building cellular materia, along
with hydrocarbonates and carbon dioxide of source water. Carbon is built-in to the recovered pentose phosphate cycle
as a result of which monosacharides are formed which later on are able to being polymerized into polysacharides
complexes with fermentative oxidation on the surface of a cell by Fe** ion transforming into biominerals FeOOH-bio
[12], which have a characterigtic form of spiral-like sems of Galliondla iron bacteria
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The presence of which, in matrix structures of interporous space of contact lcading of bioreactors, was confirmed by
results of researches carried out at gations of biological deferrization in a settlement of Rokytne and t. Berezne of Rivne
region [13]. The spectral andyss of bacteria covers, carried out with the help of a ragter-type microscope FEI Quanta
(USA) equipped with Roentgen spectroscope for conducting the microanalysis (EDAX), showed the presence of not only
of Fe, but also of such dementsasC, N, P, which testifies about their biological origin [13].

Characteristic isthe availability of negatively charged groups of anions COO', PO,>, OH" on the surface of a cell
on which the adsorption takes place of ions Fe** [14]. Assimilated on the surface of a cdll anions groups COO", PO,>
are used by a cell in subsequent cycles: phosphate non-organic P,(PO,%) is utilized in cycle ADP — ATP; carbinate-
ion COO isintherole of one of carbonate sourcesin cycles of building poysacharides, and also in recovered pentose
phosphate cycle during electron loss and restoration to free form of carbon dioxide CO..

Larger part of ions Fe*" is tied via exterior cdlular ferment — restuzian, losing one electron which is trangported
from the surface of the ferment to chinon and further transferred to complex AC I11 from where by the known scheme of
back transport [7] a part of electrons againgt gradient is transferred to complex NAD*—NADH + H* and introduces
together with carbon to the first stage of Calvin cycle. The higher isthe value Apy*, the quicker will be the process of
pumping eectrons from complex ACIII to complex NAD" with formation NADH + H" as a result of which on the
surface of a cell under theimpact of polysacharides takes place the speeding up of hydrolysis processes of ions Fe** with
the formation of matrices of biominerals which in time undergo the chain of transformations. Thus, the process of
fermentative oxidation of ions Fe?* takes place on the account of the transfer and building-in of the dectron into the
bresthing chain of a bacterium. As a result the reaction of biochemical transformation Fe** — yFeOOH takes place
with the removal into the environment of three protons, two of each are tied with complex [HCOs + OH'] created as a
result of the hydrolysis of one of molecules of calcinated soda in the mixer as a result of which an additional molecule
of carbon dioxide comes into the bioreactor. Besides, another three molecules of carbon dioxide formed as a result of
the hydrolysis of ferrum hydrocarbonate and calcinated soda come into the bioreactor from the mixer. Ancther
molecule of carbon dioxide from carboxylate-ion COO™ (Fig.3) joins these molecules in the bioreactor. Thus, a pool is
created from five molecules of carbon dioxide which are assimilated by a cell at the first stage of recovered pentose
phosphate cycle with stage-by-stage formation of mono- and polysacharides.

As was pointed down earlier, as aresult of the hydrolysis of ions Fe** as a consequence of fermentative reactions
three protons are created two of which are neutralized by a complex [HCO3;” + OH'] with the formation of CO, and
two molecules of water. A proton which remained together with the proton singled out by a cell in the process of
breathing uses a cellular proton pump for transferring into the cycle the creation ATP of the number of protonsin the
environment of a cell decreases, and a proton freed as a result of the reaction hydrolysis of Fe** is transferred to the
free place. Thus, the speeding up of the process of hydrolysis of ions Fe** takes place in the presence of
polysacharides with the formation of matrix structure of biominerals.

5. Conclusion

Based on the consideration of the presented mechanism, we can see that after introducing the additional source
of non-organic carbon, the energy capacity of recovered pentose phosphate cycle increases, cycles of in-cdlular
metabolism and the rate of electrons pumping via exterior fermentative system of a cell are accelerated. The totality
of presented processes results in speeding up the fermentative oxidation of ions F€** on the surface of a cell with the
fina formation of matrix structures of biominerals. The presented scheme shows the balancing of the process of the
biochemical oxidation of Fe** by ferrum bacteria of Gallionella type at once in three directions: first —the arrival of
H* to proton pump with the formation of ATP;, second — the creation of polysacharides, via recovered pentose
phosphate cycle as a result of the supply of the additional source of carbon; third — the acceleration of "pumping"”
electrons with the help of the restucian ferment.

References

[1] Czekala, C. (1985). Quantitative Removal of Iron and Manganese by Microorganisms in Rapid Sand Filters (In Situ Investigations) /
C. Czekalla, W. Mevius, H. Hanert // Water Supply. — Vol. 3. — Berlin“B”, pp. 111-123.

[2]  Seppinen H. (1991). Experiences of Biological iron and manganese removal in Finland. / H.Seppanen// Proc. IWEM ann. Sym. — No. 15(1).
p. 9-11.

[3] Mouchet, P. (1992). From Conventional to Biological Removal of Iron and Manganese in France / P. Mouchet, // Journal of the American
Water Works Association. —1992. —Vol. 84, No. 4, p. 158-167.



56 Oleksandr Kvartenko, Iryna Gryuk, Larysa Sabliy

[4] MenchaM. N. (2006). Ferrobacteriain water supply systems with underground water sources. / M. N. Mencha// Water Supply and Sanitary
Engineering. —No. 7. p. 25-32 (in Russian).

[5] Zhurba M. G. (2006). Biochemical deironing and demanganation of underground water / M. G.Zhurba, Zh. M. Govorova., A. N.Kvartenko,
0. B. Govorov // Water Supply and Sanitary Engineering. —No. 9, part 2. pp. 17-23 (in Russian).

[6] GusevM. V., Mineeval. A. (2003). Microbiology. Textbook. M.: Academy, — 464 p. (in Russian).

[71 Emerson D., Field E., Chertkov O., Davenport K. W., Goodwin L., Munk C., Nolan M., Woyke T. (2013). Comparative genomics of

freshwater Fe-oxidizing bacteria: implications for physiology, ecology, and systematics. Frontiers in Microbiology / Evolutionary and
Genomic Microbiology. Vol. 4, Article 254. doi: 10.3389/fmich.2013.00254.

[8] Nicholls, D. G., and Ferguson, SJ. (2002). Bioenergetics 3.London: Academic Press.

[9] Refojo, P. N.,Teixeira, M.,and Pereira, M. M. (2012). The alternative complex I11: properties and possible mechanisms for electron transfer
and energy conservation. Biochim. Biophys. Acta 1817, 1852-1859. doi:10.1016/j.bbabio.2012.05.003

[10] Gennis, R. B., and Stewart, V. (1996). “Respiration” in Escherichia coli and Salmonella Cellular and Molecular.

[11] Borisov, V. B., Gennis, R. B., Hemp, J., and Verkhovsky, M. I. (2011). The cytochrome bd respiratory oxygen reductases. Biochim.
Biophys. Acta 1807, 1398-1413. doi: 10.1016/j.bbabi0.2011.06.016.

[12] HallbergR., Ferris, F Grant (2004). Biomineralization by Gallionella. Geomicrobiology Journal. Vol. 21, P. 325-330.

[13] Kvartenko A., Orlov V., Pletuk O. (2016). Research into the biosorption process of heavy meta ions by the sediments from stations of
biological iron removal. Eastern-European Journal of Enterprise Technologies. Vol. 4, No. 10 (88), p. 37—43.

[14] Bukreeva V.Y u., Grabovich M.Yu., Eprintsev A.T., Dubinina G.A. (2009). Sorption of colloidal compounds of iron and manganese oxides
by means of iron bacteria on sandy loads of treatment facilities of water-lifting stations. / Sorption and chromatographic processes. Val. 9.
Iss. 4. P. 506-514 (in Russian).
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AHoTalisa

VY mijgzeMHHX BoJax, He3a0pYIHEHHX OPraHIYHUMH CIOJTYKaMH, JBOBAIEHTHE 330 TpaIuisieTbcs y (opmi
rizpokapOoHariB. HeBia éMHMM CynmyTHHKOM IOHIB 3aimiza € 3amizo0akrepii. Y pe3ynbrari HpOBEAESHOTO
JITEpaTypHOrO OIJISy BCTAaHOBJIEHO, WIO JOTENep HE BUBYEHO MEXaHI3MIB BIUIUBY JI0JaTKOBOTO JDKEpena
HEOPTaHIYHOrO BYIJICIF0 HA MPOIIECH BHYTPIIIHBOKIITHHHOrO Mertabomismy Oakrtepiit poxy Galliondla. Mertoro
poOOTH € BCTaHOBJICHHs BIUIMBY IO/ATKOBOrO JpKepena HeopraHiyHoro Byriento y Burisani NapCOs; Ha mponecu
MacooOMiHy Ta IIBHJKICTH 010XiMiYHOIO OKMCHEHHs CIOJYK 3aiiza Gakrepisimu Galliondla sp. ta pospobienus
MOXJIMBOTO MEXaHi3My aCHUMUIAIT HEOPraHIYHOTO BYIJICHIO JO BiJHOBICHOIO IEHTO30(OCHATHOrO IHKITY.
KomrmekcHa cxema aktuBauii MeraboniaMy OakTepiil, SKy MH PO3pOOHIIH, CBIAYMTH PO MOXKIIMBICTH ITiBUICHHS
€HePreTUYHOI ITOTYXKHOCTI BiJIHOBJIEHOTO MEHT030(OCPAaTHOrO LUKy, NPHUCKOPEHHS IUKIIB MeTabomi3mMy Ta
LIBHJKOCTI NEpeKayyBaHHs €JIEKTPOHIB uepe3 (epMEeHTAaTHBHY cUcTeMy KIiTHHU. CyKyNHICTh HaBEIEHUX MPOLECIB
PU3BOMUTH [0 MPUCKOPEHHS (DEPMEHTATHBHOTO OKHMCHEHHs ioHIB F€' Ha moBepXHi KIITHHH 3 KiHIEBHM
YTBOPEHHSIM MaTPUKCHHUX CTPYKTYp OiOMiHepasliB Ta IiJBUIIEHHS e(peKTUBHOCTI pOOOTH O10peaKTopiB.

Karou4ogi ciioBa: GiomiHepaizaliisi CONYK 3aj1i3a; 3a1i300aKTepii; eleKTPOHH; TUXaJIbHUH JaHIIoT.



