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The discovery in the 1980s, of the ability of micro-
organisms to reduce ferric iron and the isolation of bac-
teria gaining energy in the course of this reaction
impelled microbiologists to active studies of the iron
reduction process [1–3]. Over the recent period, a large
number of bacteria capable of dissimilatory iron reduc-
tion and a much smaller number of archaea have been
isolated [4–6]. In addition, it has been shown that many
microorganisms from other physiological groups, such
as methanogens and sulfate reducers, are also capable
of iron reduction [7–9]. The proximity of the pheno-
typic and phylogenetic characteristics of the bacteria
belonging to eight genera (

 

Geobacter, Desulfuromonas,
Desulfuromusa, Pelobacter, Geothermobacter

 

, 

 

Geopsy-
chrobacter

 

, 

 

Malonomonas

 

,

 

 and 

 

Trichlorobacter

 

) allowed
the new family 

 

Geobacteraceae

 

 to be described, whose
diagnostic characteristic is the capacity to reduce sulfur
and/or iron [10, 11]. In addition to subterranean ecosys-

tems, iron reducers are widespread in soils and marine
and freshwater reservoirs [12]. Apart from mesophiles,
this group includes thermophilic [6] and psychrophilic
[13, 14] representatives.

Most iron reducers are mesophilic and neutrophilic
organisms, adapted to the conditions prevailing on the
Earth’s surface [4]. However, acidophilic iron reducers
are also known; they have been isolated primarily from
drainage waters of coal and sulfide ore mines [15–17].
It can be seen from our brief review that the capacity for
iron reduction is widespread in the microbial world and
that the habitats of the currently known iron reducers
include virtually all possible ecological niches.

However, under alkaline conditions, exemplified by
soda lakes, only one representative of dissimilatory iron
reducers has been found, namely 

 

Alkaliphilus metal-
liredigens

 

, isolated from an alkaline pond formed at a
site of boron extraction in the United States [18]. In
addition, the ability to reduce ferric iron in an NTA–
Fe(III) complex has been revealed for cell suspensions
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Abstract

 

—Investigation of iron reduction in bottom sediments of alkaline soda lakes resulted in the isolation
of a new obligately anaerobic iron-reducing bacterium, strain Z-0531, from Lake Khadyn (Tuva, Russia) sedi-
ment samples. The cells of strain Z-0531 are short (1.0–1.5 by 0.3–0.5 

 

µ

 

m), motile, non-spore-forming, gram-
negative rods. The isolate is an obligate alkaliphile, developing in the pH range of 7.8–10.0, with an optimum
at pH 8.6. It does not require NaCl but grows at NaCl concentrations of 0–50 g/l. It can oxidize acetate with
such electron acceptors as amorphous Fe(III) hydroxide (AFH), EDTA-Fe(III), anthraquinone-2,6-disulfonate
(quinone), Mn(IV), and S

 

0

 

. On medium with EDTA-Fe(III), the isolate can oxidize, apart from acetate, ethanol,
pyruvate, oxalate, arginine, tartrate, lactate, propionate, and serine. H

 

2

 

 is not utilized. The reduced products
formed during growth with AFH are siderite or magnetite, depending on the growth conditions. The isolate is
incapable of fermenting sugars, peptides, and amino acids. Yeast extract or vitamins are required as growth fac-
tors. The organism is capable of dinitrogen fixation and harbors the

 

 nifH

 

 gene. The DNA G+C content is
55.3 mol %. 16S rRNA analysis places strain Z-0531 into the family 

 

Geobacteraceae.

 

 Its closest relative (93%
similarity) is 

 

Desulfuromonas palmitatis.

 

 Based on phenotypic distinctions and phylogenetic position, it is pro-
posed that this strain be assigned to the new genus and species 

 

Geoalkalibacter ferrihydriticus

 

 gen. nov., sp.
nov. (Z-0531

 

T

 

-DSMZ-17813-VKMB-2401).
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of 

 

Bacillus arsenicoselenatis

 

 [19]. The thermoalka-
liphilic bacterium 

 

Anaerobranca californiensis

 

 should
also be mentioned, which reduces iron in the presence
of peptides [20]. The possibility of reduction of amor-
phous and weakly crystalline iron oxides in alkaline
environments has been subject to doubt [18] due to the
low mobility of Fe(III) under these conditions.

In the present work, we provide a taxonomic
description of the first alkaliphilic representative of the
family 

 

Geobacteracea

 

, isolated from a bottom sedi-
ment sample from the weakly mineralized soda lake
Khadyn (Tuva, Russian Federation) and capable of
reducing various ferric iron compounds, including
amorphous Fe(III) hydroxide (AFH).

MATERIALS AND METHODS

 

Isolation source.

 

 This work used samples of anoxic
bottom sediments of four soda lakes: Lake Magadi
(Kenya; pH 10.0; mineralization, 250 g/l), Lake Khil-
ganta (Buryatia, Russian Federation; pH 9.5; mineral-
ization, 60 g/l), Lake Nizhnee Beloe (Buryatiya, Rus-
sian Federation; pH 9.7; mineralization, 10 g/l), and
Khadyn (Tuva, Russian Federation; pH 9.5; mineraliza-
tion, 17 g/l).

 

Cultivation conditions.

 

 Enrichment cultures were
obtained by introducing 1 g of sediment into 100 ml of
medium. Sodium acetate (2 g/l) was employed as the
electron donor, and AFH (90 mM), prepared by titration
of a 

 

FeCl

 

3

 

 solution with 10% NaCl, was used as the
electron acceptor. The medium also contained (g/l)

 

KH

 

2

 

PO

 

4

 

, 02; 

 

MgCl

 

2

 

, 0.1; 

 

NH

 

4

 

Cl

 

, 0.5; KCl, 0.2; yeast
extract, 0.1; sodium acetate, 2, and Wolin trace element
solution, 1 ml/l. The concentrations of NaCl, 

 

Na

 

2

 

CO

 

3

 

,
and 

 

NaHCO

 

3

 

 were different for the enrichments raised
from samples taken from different lakes and corre-
sponded to the in situ concentrations (see the table).

Further isolation of iron-reducing microorganisms
from enrichment cultures was carried out on medium in
which AFH was substituted for by EDTA–Fe(III)
(20 mM). 100 ml of a 0.4 M 

 

Na

 

2

 

–EDTA solution was
mixed with 100 ml of 0.4 M 

 

FeCl

 

3 

 

·

 

 

 

6H

 

2

 

O

 

 and titrated
with 10% NaOH to pH 7.5–8.0. The solution was filter-
sterilized and added to autoclaved medium in the
amount of 100 ml/l. Incubation was performed in the
dark at 

 

37°C

 

 for two weeks.

Isolation of the pure culture, designated strain
Z-0531, was performed by multiple repeated culture
transfers from serial dilutions, since the microorganism
did not produce colonies on agar medium.

The isolate was cultured on an optimized medium of
the following composition (g/l): 

 

KH

 

2

 

PO

 

4

 

, 0.2; 

 

MgCl

 

2

 

,
0.1; 

 

NH

 

4

 

Cl

 

, 0.5; KCl, 0.2; NaCl, 1.0; 

 

Na

 

2

 

CO

 

3

 

, 3.0;

 

NaHCO

 

3

 

, 10.0; yeast extract, 0.1, acetate, 1; trace ele-
ment solution [21], 1 ml/l; pH 

 

9.5. Na

 

2

 

S

 

 was not added
because it binds with Fe(III).

Since the organism did not form colonies on agar-
ized media, the pure culture designated Z-0531

 

T

 

 was
isolated by repeated sequential 10-fold dilutions.

 

Physiological characteristics.

 

 When testing the
ability of the isolate to utilize various electron donors,
sodium acetate in the medium was replaced with
organic acids, sugars, or peptides in a concentration of
3 g/l, or alcohols (5 ml/l) or molecular hydrogen (100%
in the gas phase). Acceptors were added from stock
solutions to sterile medium to obtain the following con-
centrations (mM): 

 

Na

 

2

 

S

 

2

 

O

 

4

 

, 1; 

 

Na

 

2

 

SO

 

3

 

, 2 and 10;

 

NaNO

 

2

 

, 2 and 10; 

 

NaNO

 

3

 

, 20; 

 

Na

 

2

 

S

 

2

 

O

 

3

 

 · 

 

5H

 

2

 

O

 

, 20;

 

Na

 

2

 

SO

 

4

 

, 20; Fe(III) citrate, 5; anthraquinone-2,6-disul-
fonate, 20; Mn(IV), 25, in the form of artificially syn-
thesized 

 

MnO

 

2

 

; S

 

0

 

, 2% (wt/vol).
In the experiments on the pH dependence of growth,

sodium carbonate in the medium was replaced with a
tenfold lesser sodium bicarbonate concentration (the
molar concentration of sodium was equalized with
sodium chloride), and the required pH values were
obtained by titration with 10% HCl or 10% NaOH. The
temperature dependence of growth was studied in the
18–

 

 40°C

 

 range.
The dependence of growth on sodium carbonates

was studied by replacing them with an equimolar
amount of 

 

Na

 

2

 

SO

 

4

 

 (the pH was maintained at 9.2 with
a Tris buffer or at pH 9.7 with 3-(cyclohexylamino)-1-
propanesulfonic acid (CAPS) (50 mM)). The require-
ment for NaCl was studied by replacing it with an
equimolar amount of a sodium carbonate–sodium
bicarbonate mixture; all other chloride salts in the
medium were replaced with sulfates. In both cases,
pyruvate and 

 

S

 

0

 

 were employed as the electron donor
and acceptor because the procedure for obtaining a
solution of the EDTA–Fe(III) complex inevitably
results in the appearance of NaCl in the solution (see
above).

 

Nitrogenase activity.

 

 The capacity to fix dinitrogen
was tested on medium supplemented with pyruvate and

 

S

 

0

 

 

 

and devoid of nitrogen sources other than 

 

N

 

2

 

; the
medium was amended with yeast extract (0.1 g/l) or
Wolin vitamin solution (10 ml/l) as growth factors. The
presence of nitrogenase activity was verified by the
acetylene method [22]. The strains under study were
grown anaerobically in Hungate tubes with 10 ml of
medium and a 6.5-ml gas phase. After three consecutive
culture transfers, acetylene was introduced into the gas
phase (10%), and, after 24 h of incubation in the dark at

 

Contents of chloride and carbonates in the soda lakes studied

Lake NaCl, 
g/l

Na

 

2

 

CO

 

3

 

 
g/l

NaHCO

 

3

 

 
g/l pH

Magadi 60 68.0 38.0 10.0

Khilganta 20 0.5 2.0 9.5

Nizhnee Beloe 1.2 3.08 2.2 9.6

Khadyn 1.0 3.0 10.0 9.5
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35°C

 

, the ethylene formed was determined on a model
GKh 3700 gas chromatograph.

 

The cytochrome composition

 

 was determined
from difference spectra of dipyridyl-treated membrane
preparations (dithionite-reduced versus 

 

H

 

2

 

é

 

2

 

-oxi-
dized). The spectra were recorded at ambient tempera-
ture in 1-cm cuvettes on a Cary 100 Bio (Varian, United
States) spectrophotometer in the 300–600 nm range. To
obtain the membrane preparations, biomass sedimented
by centrifugation was treated ultrasonically for 15 s and
resuspended in phosphate buffer.

 

Analytical methods.

 

 Acetate and ethanol oxidation
were determined by HPLC on a Staier (Russia) chro-
matograph. Fe(III) reduction was determined colori-
metrically in a reaction with rhodanide after dissolution
of the precipitate in fuming HCl. Dissolved hydrogen
sulfide was determined colorimetrically from the for-
mation of methylene blue. Optimal conditions were
determined by the decoloration rate of the EDTA–
Fe(III) complex, which correlated with the decrease in
the Fe(III) content in the solution due to bacterial
growth. The reduced solid phase was investigated by
Mõsbauer spectroscopy.

 

Morphology.

 

 Living cells were examined under a
ZETOPAN phase-contrast microscope (Austria). Thin
sections and whole cells stained with phosphotungstic
acid to reveal flagella were examined under a JEM-
100C electron microscope (Jeol, Japan).

 

The G+C content of DNA

 

 was determined as
described earlier [21], using Escherichia coli LB DNA
as a standard.

Isolation of DNA and amplification and sequenc-
ing of the genes studied. Isolation and purification of
DNA were performed according to the procedures
described earlier [23].

Amplification and sequencing of 16S rRNA genes
employed primers universal for bacteria [24], and
amplification of nifH genes used primer systems that
were developed earlier [25].

Sequencing of the amplification products was per-
formed by the Sanger method on an ABI 3730 auto-
matic sequencer (Applied Biosystems, United States)
with the use of a Big Dye Terminator v.3.1 kit accord-
ing to the manufacturer’s recommendations.

Phylogenetic analysis of gene sequences. The
sequences were edited using the BioEdit software pack-
age (http://jwbrown.mbio.nscu.edu/BioEdit/bioedit.html).
Primary comparative analysis of the newly determined
sequences with sequences for the GenBank database
was performed with the use of the NCBI BLAST soft-
ware (http://www.ncbi.nlm.nih.gov/blast). Further
comparative analysis employed rrs and nifH gene
sequences available from GenBank. Nucleotide
sequences and deduced amino acid sequences were
aligned with the corresponding closely related
sequences with the use of the CLUSTALW v 1.75 soft-
ware package. Phylogenetic trees were constructed
using the algorithms implemented in the TREECONW

(http://bioc-www.uia.ac.be/u/yvdp/treeconw.html) and
PHYLIP (http://evolution.genetics.washington.edu/
phylip.html) software packages. The statistical signifi-
cance of the branching order was determined by boot-
strap analysis of 1000 alternative trees.

Deposition of nucleotide sequences. The nucle-
otide sequences of the 16S rRNA and nifH gene frag-
ments have been deposited in GenBank under acces-
sion numbers DQ309326 and DQ660332.

RESULTS

The process of AFH reduction, accompanied by sed-
iment blackening and acetate oxidation, started in all of
the samples investigated 4–7 days after inoculation.
The processes of acetate oxidation and iron reduction
were most active in sample no. 3 from highly mineral-
ized Lake Magadi and in a sample from weakly miner-
alized Lake Khadyn (Fig. 1). After five consecutive
transfers of the culture derived form the sample from
Lake Khadyn on medium with AFH, we obtained a sta-
ble enrichment that reduced iron and contained cells of
several morphotypes, mainly rods, which were spore-
forming or non-spore-forming and varied in length and
width. To alleviate the isolation procedure, the enrich-
ment was further grown on a medium that contained
EDTA–Fe(III) instead of AFH. In addition, we
decreased the concentration of yeast extract to 0.05 g,
which allowed us to eliminate peptolytic microorgan-
isms. As a result, after several transfers, the culture con-
tained only one dominant type of cells, which were
weakly motile short rods. The attempts to obtain colo-
nies of this bacterium on agarized medium failed. By
using the serial dilutions method, we obtained, from the
10–6 dilution, a pure bacterial culture, which we desig-
nated strain Z-0531. The transfer of strain Z-0531 to
medium with AFH confirmed the ability of the culture
to reduce this compound.
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Fig. 1. Oxidation of acetate (1) and reduction of iron (2) in
enrichment cultures from bottom sediments of soda lakes.
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Morphological characteristics. The morphology
of strain Z-0531 somewhat varied in dependence on the
growth substrate. Acetate-grown cells were short
weakly motile rods measuring 1.0–1.5 × 0.3–0.5 µm
(Fig. 2a), whereas, during growth on pyruvate, some of
the cells were as long as 5 µm and exhibited higher
motility. Cells occurred singly or in pairs. The motility
was due to one to three lateral flagella (Fig. 2b). The
cells exhibited high adsorption capacity toward glass
and mineral particles.

Growth characteristics. Strain Z-0531 was an obli-
gate alkaliphile with a growth pH range of 7.6–10.0 and
a pH optimum of 8.6 (Fig. 3). It was a mesophile grow-
ing at 18–39°ë, with an optimum at 35°C. The strain
was obligately anaerobic; it could not grow on aerobi-
cally prepared medium or in the presence of 2% é2.
Growth was, however, possible in the absence of reduc-
ing agents. At the same time, a decrease in the redox
potential due to the addition of cysteine (0.3 g/l) to the
medium resulted in an increase in the growth rate and
the rate of AFH reduction (Fig. 4). The organism did
not require NaCl; however, it could grow at NaCl con-
centrations of up to 50 g/l; i.e., it was halotolerant

(Fig. 5). Carbonates were also not indispensable and
could be replaced with Tris or CAPS buffer.

Strain Z-0531 turned out to be incapable of fermen-
tation; it did not use arabinose, galactose, glucose,
xylose, lactose, maltose, mannose, sucrose, sorbose,
rhamnose, ribose, trehalose, fructose, fucose, peptone,
yeast extract, meat extract, tryptone, Casamino acids,
or acetyl-D-glucosamine. When EDTA–Fe(III) was
provided as an electron acceptor, the strain, besides
acetate, could utilize pyruvate, oxalate, ethanol, tryp-
tone, tartrate, arginine, serine, propionate, and lactate
(the substrates are listed in the order of decreasing
growth rate). With the above donors, the growth was
shown to be stable over three culture transfers. The
strain did not oxidize betaine, butyrate, glycerol, yeast
extract, dulcitol, inositol, malonate, mannitol, sorbitol,
succinate, peptone, formate, methanol, propanol, or ç2.

Ethanol oxidation was incomplete and proceeded
until acetate formation. The ratio of acetate oxidized to
iron reduced to cells produced was 9.3 mM : 41.3 mM :
8.5 × 107 cells/ml (Fig. 6). On medium with AFH, the
reduced mineral products were siderite or magnetite.

(b) (c)

(‡)

Fig. 2. Morphology of cells of strain Z-0531 grown on
medium with acetate and EDTA–Fe(III): (a) Light micros-
copy; bar, 10 µm; (b) electron microscopy of cells with lat-
eral flagella; bar, 1.0 µm; and (c) electron microscopy of a
longitudinal thin section of a cell with a gram-negative cell
wall type; bar, 0.5 µm.
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Fig. 3. Dependence of the growth rate of strain Z-0531 on pH.
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Fig. 4. Effect of the addition of 0.3 g/l of cysteine on the rate
of AFH reduction by strain Z-0531: (1) medium without
cysteine; (2) medium with cysteine.
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During growth with acetate as an electron donor,
strain Z-0531 exhibited stable capacity for the reduc-
tion of quinone, Mn(IV), and S0. Quinone reduction
was recorded by the change in the medium coloration
from pale yellow to dark brown (comparison with an
abiogenic control was made). The reduction of MnO2
was accompanied by a change in the sediment color
from dark brown to white due to the formation of
rhodochrosite (comparison with abiogenic control was
made). Reduction of S0 resulted in the formation of up
to 20.5 mM H2S. The addition of 0.1 g/l of quinone to
AFH-containing medium increased the rate of AFH
reduction 2- to 3-fold (Fig. 7). Fe(III) citrate, nitrate,
nitrite, sulfate, sulfite, thiosulfate, and fumarate were
not used by strain Z-0531 as electron acceptors.

In the membranes of strain Z-0531 cells, we identi-
fied a cytochrome c typical of Geobacteraceae repre-
sentatives (the absorption maxima were at 552, 523,
and 420 nm, Fig. 8).

Strain Z-0531 growth was not affected by 100 mg/l
vancomycin or kanamycin and was inhibited by
chloramphenicol, streptomycin, penicillin, ampicillin,
novobiocin, bacitracin, and rifampicin.

The G+C content of strain Z-0531 DNA was
55.3 ± 1 mol %.

Capacity for dinitrogen fixation. A characteristic
feature of the family Geobacteraceae representatives is
the presence of the nifD gene [11], which indicates the
potential ability of these bacteria to fix dinitrogen. In
order to check the capacity of strain Z-0531 for dinitro-
gen fixation, it was inoculated into a medium devoid of
nitrogen sources (except for N2 in the gas phase). The
bacterium was shown to be able to grow in this medium
after three consecutive culture transfers. The cells of
strain Z-0531 could reduce acetylene to ethylene dur-
ing growth on medium containing pyruvate, S0, and
yeast extract or Wolin vitamin solution (10 ml/l). S0

reduction was more efficient in the latter variant of the
medium. The nitrogenase activity was not high

(1.08 mM C2H2/h per 5.5 × 108 cells of the culture).
However, the presence of nitrogenase and the growth
on medium free of bound nitrogen demonstrate the
capacity of strain Z-0531 for dinitrogen fixation.

Analysis of 16S rRNA genes. Almost complete
sequencing of the strain Z-0531 16S rRNA gene was
carried out (1504 nucleotides corresponding to Escher-
ichia coli positions 11–1496). According to the results
of preliminary screening in the GenBank database, the
nucleotide sequence of the strain Z-0531 16S rRNA
gene was closest to the analogous sequences of repre-
sentatives of the family Geobacteraceae within the
class Deltaproteobacteria. In the phylogenetic tree
constructed (Fig. 9a), the strain Z-0531 16S rRNA gene
formed a separate branch within the cluster that com-
bined representatives of the family Geobacteraceae.
The similarity levels between the 16S rRNA gene of
strain Z-0531 and the described representatives of this
family did not exceed 93% and were approximately the
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Fig. 5. Dependence of the growth rate of strain Z-0531 on
NaCl concentration.
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Fig. 7. Effect of the addition of 0.1 g/l of quinone on the rate
of AFH reduction by strain Z-0531: (1) medium without
quinone; (2) medium with quinone.
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same with representatives of different species, compris-
ing 89.9–92.8% with Desulfuromonas species, 87.1–
89.7 with Geobacter species, 89.6–90.4% with Des-
ulfuromusa species, 85.9–90.2% with species of Pelo-
bacter, and 85.9–90.2% with the single species of the
genera Geothermobacter, Geopsychrobacter, Malono-
monas, and Trichlorobacter.

Analysis of the nifH gene. By using an earlier
developed [23] oligonucleotide primer system, we
revealed in strain Z-0531 a nifH gene fragment (about
450 nucleotides) and sequenced it. According to pre-
liminary BLAST analysis in the GenBank database, the
gene fragment was most similar to analogous genes of
deltaproteobacteria of the genera Desulfuromonas,
Geobacter, and Pelobacter.

The alignment of the deduced amino acid sequence
corresponding to the nifH gene fragment of strain
Z-0531 with analogous sequences of dinitrogen-fixing
proteobacteria, available in GenBank, allowed us to
compare 150 positions of amino acid residues.

In the phylogenetic tree constructed (Fig. 9b), strain
Z-0531 clustered (with a bootstrap support level of
78%) with representatives of the genera Desulfuromo-
nas, Geobacter, and Pelobacter. The identity level of its
amino acid sequence with sequences belonging to rep-
resentatives of the above genera varied from 85.1 to
91.5% (the table). These values were similar to those
characterizing the relationships between analogous
sequences of representatives of Desulfuromonas, Geo-
bacter, and Pelobacter (89.0–95.1%) and were consid-
erably higher than the similarity recorded with other
deltaproteobacteria (63–71%). This indicates the com-
mon evolutionary origin of nitrogenase genes in strain
Z-0531 and representatives of the genera Desulfuromo-
nas, Geobacter, and Pelobacter.

DISCUSSION

Our investigations of the processes of dissimilatory
iron reduction with acetate as an electron donor and
AFH as an electron acceptor were carried out with sam-
ples of bottom sediments from four soda lakes differing
in their alkalinity and NaCl content. Omission of sul-
fate from the medium composition provided for the
absence of sulfate-reducing competitors. In all of the
samples studied, reduction of AFH occurred, accompa-
nied by the acquisition of black color by the sediment.
The intensity of the process was judged from the rates
of acetate oxidation and iron reduction. The results
obtained show (1) that the iron reduction process
widely occurs in soda lakes, (2) that the intensity of the
process is independent of alkalinity and mineralization
(acetate oxidation and iron reduction were most intense
in sample no. 3 from highly mineralized Lake Magadi,
in which sedimentation of halite and trona takes place,
and in the weakly mineralized Lake Khadyn), and (3)
that alkaliphilic iron reducers are capable of AFH
reduction.

Until our work, it was believed [18] that the reduc-
tion of insoluble iron compounds is limited by pH,
since soluble iron at pH above 9.0 is unavailable; the
earlier isolated iron reducers were able to reduce only
artificial soluble iron compounds, such as NTA- or
EDTA-Fe(III) [18]. Our success in obtaining enrich-
ments with AFH allow us to state with certainty that,
even under alkaline conditions, insoluble iron com-
pounds can undergo microbial reduction.

In addition, the active oxidation of acetate in all of
the samples studied allows us to assume an important
role of alkaliphilic iron reducers at the terminal stage of
organic matter decomposition in anaerobic microbial
communities, since it is known [26] that the oxidation
of acetate, accumulated in the process of organic matter
decomposition, is a problem for the anaerobic zone of
soda lakes.

The bacterium that we isolated from the bottom
sediments of Lake Khadyn is a typical chemoorgan-
otrophic organism, utilizing a rather wide range of
organic acids and ethanol as electron donors. The
ability of the isolate to oxidize acetate allows it to be
placed at the very end of the trophic chain of the
alkaliphilic microbial community, in which it plays
the role of a secondary anaerobe completing the
mineralization of organic matter. At present, it is
known that acetate oxidation in the anaerobic zone
of soda lakes may be accomplished by alkaliphilic
nitrate reducers belonging to the genus Halomonas
[27]. Acetate can also be oxidized syntrophically by
the pair of an acetate-utilizing bacterium and a
hydrogenotrophic sulfate reducer of the genus Des-
ulfonatronum or Desulfonatronovibrio, as has been
shown for bottom sediments of Lake Khadyn [28].
The third possible pathway of acetate oxidation
under anaerobic conditions is provided by anoxy-
genic phototrophs [26]. The isolation of an acetate-
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Fig. 8. Difference spectrum of strain Z-0531 cytochrome c.
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utilizing iron reducer demonstrates the existence of
one more pathway of acetate oxidation in soda
lakes.

Our isolate turned out to be incapable of
lithotrophic growth: it did not use H2. It should be
noted that iron reducers are usually able to utilize
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either molecular hydrogen or acetate, and only a few
species can use both H2 and acetate as electron
donors [6].

Out of the range of the electron acceptors tested,
strain Z-0531 reduced Fe(III) (the Fe(III)–EDTA com-
plex and AFH), quinone, Mn(IV), and S0. Fe(III) reduc-
tion by alkaliphilic bacteria was first shown for Tindal-
lia magadii [29], Then, the ability to reduce AFH with
peptone was found in Anoxynatronum sibiricum. How-
ever, in both cases iron reduction was nonspecific, since
the cell yield was independent of the presence of Fe(III)
[30]. Thus, our isolate Z-0531 is the first alkaliphilic
dissimilatory nitrate reducer capable of reduction of
insoluble iron compounds as electron acceptors. The
reduced minerals formed were siderite and magnetite,
as demonstrated by Mõsbauer spectroscopy. The addi-
tion of 0.1 g/l of quinone considerably increased the
rate of AFH reduction. It has been supposed [8] that
quinones play the role of extracellular electron carriers
from cells to insoluble iron oxides. This is actually a
biologically mediated form of iron reduction, and, to
fulfill its function, quinone may be present in a low con-
centration. Most probably, the stimulatory effect of
quinone is related to its ability to form complexes. The
rates of growth and AFH reduction were also influ-
enced by the Eh of the medium. The addition of 0.3 g/l
of cysteine increased the rate of growth and the amount
of AFH reduced (Fig. 5). The stimulatory effect of cys-
teine can also be explained by its utilization as a sulfur
source, since the basal medium was very poor in sulfur
compounds.

The capacity to use S0 and/or Fe(III) as electron
acceptors is a characteristic feature of the family Geo-
bacteraceae, to which our isolate belongs. The use of
sulfur compounds as electron acceptors is urgent in the
natural habitats of our isolate: for alkaline soda lakes,
the domination of the sulfur cycle is a pronounced fea-
ture. Most probably, strain Z-0531 uses polysulfides,
whose concentration is maximal precisely under alka-
line conditions. This assumption is confirmed by the
disappearance of the characteristic yellow coloration of
the medium, determined by the presence of polysul-
fides, in the process of strain Z-0531 growth. During
the reduction of S0, up to 20.5 mM ç2S was accumu-
lated, indicating the high tolerance of our isolate to sul-
fide.

The bacterium proved to be capable of growing in
the presence of up to 50 g/l NaCl. The best growth was
observed at 0–3 g/l NaCl (Fig. 6). Thus, the isolate is a
halotolerant organism. Its ability to survive salt concen-
trations tenfold exceeding the optimal one is undoubt-
edly related to the peculiarities of its natural habitat.
The continental climate, with its high summer and low
winter temperatures, and the small depth of soda lakes
results in their complete or partial drying out in summer
and freezing in winter.

According to data of 16S rRNA analysis, strain
Z-0531 is a member of the family Geobacteraceae,

which includes eight genera. The following character-
istics are common to Geobacteraceae representatives
[11]:

(1) the morphology of cells, which are motile or
nonmotile rods of varying length with a gram-negative
cell wall type;

(2) chemoorganotrophic or chemoautotrophic type
of nutrition with the utilization of various iron and/or
sulfur compounds as electron acceptors;

(3) capacity for oxidation of acetate and some other
organic compounds and, in some cases, molecular
hydrogen;

(4) presence of cytochrome c and the nifD gene (an
exception is the genus Pelobacter);

(5) neutrophilic growth preferences.

From the above, it can be seen that the family is
rather homogeneous phenotypically. Description of
new genera is mainly based on data from 16S rRNA
gene sequencing and such phenotypic properties as,
e.g., phsychrophily (Geopsychrobacter [13]). Pheno-
typic differentiation of species is mainly based on the
spectrum of the electron donors utilized.

The presence of the nifD gene in all representatives
of the family compelled us to search for such genes in
strain Z-0531 and to check its capacity for dinitrogen
fixation (it is known that the presence of genes respon-
sible for dinitrogen fixation does not unambiguously
prove the presence of this capacity). PCR analysis and
further sequencing revealed the presence of the nifH
gene. The amplified nifH gene fragment of strain
Z-0531 showed 90.8 and 91.5% identity with the most
closely related Desulfuromonas acetoxidans and Geo-
bacter metallireducens; this confirms the affiliation of
strain Z-0531 with the family Geobacteraceae and
demonstrates that it stands apart from the other mem-
bers. Strain Z-0531 is the third representative of Geo-
bacteraceae for which dinitrogen fixation capacity has
been demonstrated. Earlier, this capacity was demon-
strated in G. metallireducens and G. sulfurreducens
[11].

As mentioned above, the levels of 16S rRNA simi-
larity of strain Z-0531 with members of other Geo-
bacteraceae genera are approximately the same and do
not exceed 93%; i.e., the distinctions are of the generic
level. Based on the phenotypic and genotypic distinc-
tions of strain Z-0531 from other Geobacteraceae rep-
resentatives, we propose that it should be assigned to a
new genus and species, Geoalkalibacter ferrihydriticus
gen. nov., sp. nov.

Description of Geoalkalibacter gen. nov.

Geo.al.ka.li.bac.ter Gr. n. ge, earth; N.L. n. alkali,
from Arabian adjective al qaliy, alkaline; N.L. masc. n.
bacter, from Greek noun bacterion, rod; N.L. masc. n.
Geoalkalibacter, a rod from alkaline earth.
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Cells are short, straight or sometimes slightly
curved, weakly motile rods. Spores are not formed. The
cell wall structure is of the gram-negative type. Obli-
gately alkaliphilic, anaerobic, mesophilic. The type of
nutrition is chemoautotrophic. Various compounds of
Fe(III) or sulfur are used as electron acceptors. Acetate,
some other organic acids, and ethanol are used as elec-
tron donors. Cells contain cytochrome c. The genus
Geoalkalibacter belongs to the family Geobacteraceae
within the class Deltaproteobacteria. The type species
of the genus is Geoalkalibacter ferrihydriticus.

Description of Geoalkalibacter ferrihydriticus sp. nov.

Fer.ri.hy.dri'ti.cus. N.L. masc. adj. ferrihydriticus,
derived from ferrihydrite, weakly crystalline iron
hydroxide, which is reduced by the species.

Cells are short (1.0–1.5 × 0.3–0.5 µm) rods motile
by means of one to three lateral flagella. The cell-wall
structure is of the gram-negative type. Spores are not
formed. Anaerobic, obligately alkaliphilic (growth pH
range, 7.8–10.0 with an optimum at 8.6), and meso-
philic (growth temperature range, 18– 39°C, with an
optimum at 35°C). NaCl is not required, but growth is
possible at 0–50 g/l NaCl. Acetate is oxidized with such
electron acceptors as amorphous Fe(III) hydroxide,
EDTA–Fe(III), anthraquinone-2,6-disulfonate (quinone),
Mn(IV), and S0. Acetate, pyruvate, oxalate, ethanol,
tryptone, tartrate, arginine, serine, propionate, and lac-
tate can be used as electron donors on medium with
EDTA–Fe(III). H2 is not used as an electron donor.
During growth on amorphous Fe(III) hydroxide, the
reduced products are siderite or magnetite. The anabo-
lism requires yeast extract or vitamins. Dinitrogen is
fixed. Cells contain cytochrome Ò. The G+C content of
DNA is 55.3%.

The habitat is bottom sediments of soda lakes. The
type strain was isolated from bottom sediment of
weakly mineralized Lake Khadyn (Tuva).

The type strain is Z-0531T (DSMZ 17813 = VKM
B-2401).
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