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Microbial dissimilatory Fe(III) reduction is an
important biogeochemical process in marine, fresh�
water, and terrestrial ecosystems. Thermophilic
prokaryotes reducing Fe(III) may have played a signif�
icant role in the early Earth’s biosphere, which was
probably characterized by high temperatures and high
content of iron compounds [1, 2]. Thermophilic iron
reducers do not form a specific phylogenetic group; its
presently known members belong to more than 20
bacterial and 6 archaeal genera [2]. Most Fe(III) com�
pounds exhibit extremely low solubility at close to
neutral pH. Two fundamentally different physiological
strategies for microbial reduction of insoluble Fe(III)
oxides are presently known: (i) direct contact between
the cell and the mineral by means of the proteins local�
ized outside of the cell membrane or conductive pili
and (ii) use of the soluble compounds, which either
carry out electron transfer between the cell and the
mineral by the shuttling mechanism or increase the

solubility of iron [3]. Available data on the strategies of
reduction of Fe(III) oxides by thermophilic microor�
ganisms are limited to studies of hyperthermophilic
archaea of the genus Pyrobaculum [4]. No information
is available concerning the physiological mechanisms
involved in reduction of insoluble Fe(III) compounds
by thermophilic bacteria.

The goal of the present work was to study the effect
of the presence or absence of direct contact of micro�
bial cells with poorly crystalline Fe(III) oxide (ferrihy�
drite) used as the terminal electron acceptor and the
phylogenetic composition of thermophilic iron�
reducing microbial communities.

MATERIALS AND METHODS

Enrichment cultures. The samples of water and sed�
iments from Kamchatka terrestrial hydrotherms were
collected in September 2008. To obtain enrichment
cultures of thermophilic iron�reducing anaerobic
microorganisms, the sample (10% wt/vol) was added
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to anaerobic bicarbonate�buffered medium contain�
ing the following (g/l): NH4Cl, 0.33; KCl, 0.33;
MgCl2 · 6H2O, 0.33; CaCl2, 0.33; KH2PO4, 0.33;
NaHCO3, 2.0; yeast extract, 0.2; and vitamin and
trace elements solutions, 1 ml/l [5]. The gas phase was
100% CO2; pH 6.8–7.0 (20°C). Acetate (9 mM) or
lactate (14 mM) was used as an electron donor. Poorly
crystalline Fe(III) oxide (ferrihydrite) was used as an
electron acceptor either as a suspension of free ferrihy�
drite in the medium (at the final Fe(III) concentration
of 90 mM) or as ferrihydrite incorporated into calcium
alginate beads (at the final Fe(III) concentration of
70 mM). AQDS (9,10�anhtraquinone �2,6�disul�
fonate) was added as an exogenous mediator of iron
reduction (0.1 mM). Free ferrihydrite and alginate
beads with or without ferrihydrite were obtained as
described earlier [5, 6]. Medium preparation and cul�
tivation of the enrichments were carried out using the
Hungate anaerobic technique [7].

Growth and Fe(III) reduction. Microscopy and
enumeration of microbial cells was carried out under a
Mikmed 1 light microscope (LOMO, Russia) with
phase contrast equipment. The concentration of
Fe(II) was determined spectrophotometrically with
2,2�dipyridyl [8] in the sample (0.5 ml) dissolved in
5 ml of 0.6 N HCl. In the case of enrichment cultures
with ferrihydrite incorporated into alginate beads, the
beads were dissolved in 10 ml of 6N HCl prior to anal�
ysis.

Phylogenetic analysis. DNA from enrichment cul�
tures was isolated and purified according to Marmur
[9]. Fragments of 16S rRNA genes were obtained by
direct amplification of genomic DNA according to the
known PCR amplification protocol for obtaining
DNA fragments for their subsequent analysis by dena�
turing gradient gel electrophoresis (DGGE) [10]. The
Uni515F universal primer [11] with a GC clamp at the
5' end [10] was used together with either the Bacteria�
specific Bac�907R primer [12] or the Archaea�specific
Arch�915R primer [13]. Amplification products were

separated by DGGE according to the protocol [14]
with the denaturing gradient from 35 to 65% (with the
100% denaturant containing 7 M urea and 40% for�
mamide). DNA fragments from the bands obtained by
DGGE were transferred to 20 µl of sterile water by
passive DNA diffusion from the gel overnight at 4°C.
DNA sequences from the individual bands were deter�
mined by enzymatic sequencing on an Applied Bio�
systems DNA Sequencer 373A using the standard pro�
tocol and reagent kit (Fluorescent Dye Cycle
Sequencing kit, Perkin�Elmer, United States). Com�
parison of the sequences with 16S rRNA sequences
from the NCBI database was carried out using the
BLAST software package [15].

RESULTS AND DISCUSSION

Obtaining iron�reducing enrichment cultures. To
obtain enrichment cultures of anaerobic thermophilic
iron�reducing microorganisms, seven samples of sedi�
ments and water from Kamchatka terrestrial hydro�
therms were used (Table 1). Three variants of the
medium simulating possible interactions between
microorganisms and Fe(III) oxide were used for inves�
tigation of the physiological mechanisms of Fe(III)
reduction: (i) medium with free ferrihydrite, enabling
direct contact between the mineral and the cells; (ii)
medium with ferrihydrite incorporated into alginate
beads, preventing direct contact between the mineral
and the cells; and (iii) medium with ferrihydrite incor�
porated into alginate beads and supplemented
with 0.1 mM 9,10�anthraquinone 2,6�disulfonate
(AQDS), where, in the absence of direct contact
between the mineral and the cells, electron transfer
was possible due to the exogenous soluble mediator.
AQDS is a soluble mediator of iron reduction, which
is capable of electron transfer from microbial cells to
the surface of an insoluble electron acceptor via a
cyclic mechanism involving multiple oxidation–
reduction [16]. The method of ferrihydrite incorpora�

Table 1.  Characterization of environmental samples from Kamchatka terrestrial hydrotherms used for enrichment cultures of
thermophilic iron reducers

Designation Sampling site Sample description T, °C pH

1814 Uzon, Orange field Black coarse sediment from a small spring 76–80 6.6

1823 Uzon, Eastern field Gray�black sediment from the Treshchinnyi spring 74–85 6.5

1835 Uzon, Izvilistyi spring Gray sediment from a hot stream in the runway of a 
spring with sulfur and iron precipitation along the shores

77–86 6.2–6.5

1850 Uzon, Eastern field Black sediment from a small spring with white filaments 78 6.2

1860 Uzone, Lake Fumarol’noe Brown clayey sediment from a shallow spring at the 
border of the lake

84 6.8

1861 Uzon, Trostnikovyi site Black sediment from a spring with ochra precipitation 60 6.2

1864 Geyser Valley, hot stream
from the Grot geyser

Black sediment from a hot spring with brown bottom 
and higher plants along the shores

78 7.7

Note: Temperature and pH at the sampling site; pH was measured at the sampling temperature.
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tion into alginate beads has been successfully used ear�
lier for determination of the physiological strategies
for Fe(III) reduction in mesophilic iron reducers [6].
Acetate, one of the major metabolites of anaerobic
decomposition of organic matter, and lactate, a com�
mon fermentation product of thermophilic microor�
ganisms, were used as potential electron donors for
Fe(III) reduction. Initially, the number of enrichment
cultures was 54. After three sequential transfers
(5% vol/vol), 30 enrichment cultures were obtained
where change in ferrihydrite color from light�brown to
dark�brown, gray or black (indicating formation of
ferrous minerals) was visible to the naked eye. Among
these enrichments, 10 reduced ferrihydrite with direct
contact between the mineral and the cells and 20 with�
out direct contact. Among the latter, ferrihydrite
reduction in 12 enrichments occurred in the presence
of AQDS (Table 2). The black sediment formed in
enrichments with free ferrihydrite possessed magnetic
properties. Measurement of the final Fe(II) concen�
tration after 7–30 days of incubation revealed the
highest Fe(II) content in the cultures with free ferrihy�
drite. No enrichment cultures were obtained, which
reduced similar amounts of Fe(III) via formation of
endogenous mediators. In the absence of direct con�
tact between the cells and ferrihydrite, addition of
AQDS stimulated iron reduction significantly.

General characterization of the phylogenetic com�
position of enrichment cultures. Total DNA was iso�

lated from 22 enrichments with taxon�specific primers
for the domains Bacteria and Archaea, 16S rRNA gene
fragments were amplified and separated by DGGE,
and 16S rRNA gene sequences for individual bands
were determined (Table 3). For further analysis,
86 nucleotide sequences were subdivided into three
groups.

(i) Phylotypes exhibiting at least 94% similarity to
the sequences of known cultured microbial genera and
considered here as members of these genera. The sim�
ilarity level of 93–94% is the threshold accepted pres�
ently for description of new genera of prokaryotes.

(ii) Phylotypes exhibiting 90–92% similarity to the
sequences of cultured microorganisms.

(iii) Phylotypes exhibiting less than 90% similarity
to the sequences of cultured microorganisms and most
closely related to uncultured microorganisms. Phylo�
genetic analysis revealed that most of the sequences
belonged to anaerobic thermophilic bacteria. Among
these phylotypes, 81 may be assigned to 18 genera of
described cultured bacteria, while 15 were most
closely related to uncultured microorganisms
(Table 4). Most bacterial phylotypes were found to
belong to the phylum Firmicutes (61 sequence, 76%).
Members of the following phyla were found (the
numerals in parentheses indicate the number of
sequences): Aquificae (1), Bacteroidetes (1), Nitrospi�
rae (1), Planctomycetes (3), Spirochaetes (1), Syner�
gistetes (2), and Thermotogae (10). The most common

Table 2.  Ferrihydrite reduction by Fe(III)�reducing enrichment cultures of thermophilic microorganisms from Kamchatka hydrotherms

Sample
(see Table 1)

Incubation tem�
perature, °C

Fe(II) mmol/l*

Cultivation conditions

Free ferrihydrite Ferrihydrite incorporated into 
alginate beads

Ferrihydrite incorporated into 
alginate beads + AQDS

acetate lactate acetate lactate acetate lactate

1814 65 20.3 11.0 6.4 4.9 14.9 23.2

80 –** – – – – –

1823 80 – – – – – –

1835 80 – – – – – –

1850 65 28.0 14.0 3.6 1.8 20.9 22.0

80 – – – – 5.0 6.4

1860 80 25.6 24.7 – – 2.4 3.5

1861 60 30.0 30.0 10.5 4.3 11.6 18.2

1864 65 30.0 30.0 2.5 4.2 6.8 15.6

Notes: * Final maximal Fe(II) concentration developing after 7–30 days of incubation.
** No iron reduction observed, Fe(II) concentration below 0.1 mol/l.
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Table 4.  Genera and uncultured groups of microorganisms revealed in enrichment cultures in the presence and absence of direct
contact between the cells and ferrihydrite

Genera and uncultured microbial groups* Capacity for Fe(III) 
reduction**

Free
ferrihydrite

Ferrihydrite
in alginate beads

Ferrihydrite in alginate 
beads + AQDS

Bacteria, Firmicutes

Anoxybacillus – – – –/1***

Caldanaerobacter – 1/1 –/1 –

Caldocellulosiraptor – – 1/– 1/–

Caloramator – – 1/1 –

Carboxydocella + –/1 –/– –

Carboxydothermus + –/1 1/2 2/1

Gelria – – 1/– 1/2

Moorella – 1/1 1/2 –/1

Pelotomaculum – – – –/1

Syntrophobotulus – 1/– – –

Thermoanaerobacter + 3/– 1/2 1/–

Thermoanaerovibrio – 1/1 – –

Thermolithobacter + 1/– – –

Thermosinus + – –/1 –

Thermovenabulum + 1/– 2/– –

Related to Carboxydocella (91%) + – –/1 –

Related to Mahella (93%) – – 1/– –

Related to Thermincola (92%) + 1/– – –

Uncultured Gelria sp. clone MRE50b25 
(Firmicutes)

– – – 1/–

Uncultured Symbiobacterium sp. clone 
SHBZ1659

– – 1/1 2/–

Uncultured bacterium clone WC49
(Firmicutes)

– 1/– – –

Uncultured bacterium clone DTB120 
(Firmicutes)

– 1/– – –

Uncultured bacterium clone 
ELAND_40 (Firmicutes)

– – 1/– –

Uncultured bacterium clone D2
(Firmicutes)

– – 2/– 1/–

Uncultured bacterium clone TP4_N. 
(Firmicutes)

– – – 1/–

Uncultured bacterium partial clone 
D21R45C97 (Firmicutes)

– – 1/– 1/–

Bacteria, Thermotoga

Fervidobacterium – – – 1/1

Thermotoga + 1/1 2/– 3/–

Related to Thermotoga (92%) + – –/1 –

Other phyla of the Bacteria domain

Thermodesulfovibrio – – 1/– –

Related to Thermosulfidibacter (92%) – 1/– – –

Uncultured bacterium clone: SwB31fl 
(Bacteroidetes)

– – – 1/–
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sequences of bacterial genera belonged to Carboxydot�
hermus (7) and Thermoanaerobacter (7). Archaeal
sequences (5) belonged to the genera Pyrobaculum,
Desulfurococcus, and Thermofilum, all belonging to the
phylum Crenarchaeota. Species capable of iron reduc�
tion are known among the genera Carboxydothermus,
Carboxydocella, Thermincola, Thermoanaerobacter,
Thermolithobacter, Thermosinus, Thermotoga, and
Thermovenabulum (Bacteria) and Pyrobaculum
(Archaea). The number of sequences belonging to
these genera was 54% of the total number of
sequences.

Differences in phylogenetic composition depending
on the electron donor. More phylotypes were detected
in the enrichments when acetate was used as a poten�
tial electron donor for iron reduction, rather than lac�
tate (58 and 28 sequences, respectively) (Tables 3, 4).
Enrichment cultures with acetate contained signifi�
cantly more sequences of uncultured prokaryotes than
those with lactate (21 and 2, respectively). Theoreti�
cally, lactate is a more preferable substrate in terms of
available energy; it may be fermented even in the
absence of an external electron acceptor. It is likely
that, in natural microbial communities used for
enrichments, acetate is a more important intermediate
of organic matter decomposition and more microor�

ganisms are able to utilize it. It is also possible that lac�
tate and acetate have different effects on ferrihydrite
solubility and formation of soluble Fe(III)–alginate
complexes. Such effects are known for a number of
organic acids [17].

Differences in phylogenetic composition depending
on the presence and absence of contact with the min�
eral. The number of phylotypes detected in enrich�
ment cultures with free ferrihydrite, ferrihydrite in alg�
inate granules, and ferrihydrite in alginate granules +
AQDS were 22, 32, and 32, respectively. In the case of
free access to ferrihydrite, the detected microorgan�
isms mostly belonged to the genera for which capacity
for Fe(III) reduction has been demonstrated. When
direct contact is excluded, together with known iron
reducers, organisms were detected for which the abil�
ity to reduce Fe(III) has been unknown (Table 4).
Both in the absence and in the presence of contact
between the cells and the minerals, members of the
genera Carboxydothermus, Thermoanaerobacter, and
Thermotoga were revealed most often. These organ�
isms probably possess the most efficient mechanisms
of Fe(III) reduction in the temperature range of 60–
70°C. The realization of a specific strategy for Fe(III)
reduction is probably characteristic of a strain or spe�
cies, rather than of a genus as a whole. Members of the

Table 4.  (Contd.)

Genera and uncultured microbial groups* Capacity for Fe(III) 
reduction**

Free
ferrihydrite

Ferrihydrite
in alginate beads

Ferrihydrite in alginate 
beads + AQDS

Uncultured bacterium clone HAW�
R60�B�1249d�F (Planctomycetes)

– – 1/– –

Unidentified Planctomycetales OPB17 
(Planctomycetes)

– – 2/– – 

Uncultured bacterium clone 23cll
(Spirochaetes)

– – – 1/–

Uncultured bacterium clone 071020�
ONK�PVA2�6 (phylum not determined)

– 1/– – –

Uncultured bacterium clone 
KCL40b_13_24 (phylum not deter�
mined)

– – – 1/1

Uncultured bacterium clone BB�LB89 
(phylum not determined)

– – – 1/–

Archaea 

Desulfurococcus – – – 1/–

Pyrobaculum + 1/– – 1/1

Thermofilum – – – –/1

Notes:    * For uncultured microorganisms, the phyla are given in parentheses.
              ** Literature data.
            *** The numbers of sequences obtained on acetate and lactate are separated by a slash sign (acetate/lactate). 
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genera Carboxydothermus and Thermoanaerobacter
were among the first described iron reducers from ter�
restrial hydrotherms [5, 18]. It should be noted that,
since conditions favoring the organisms able to utilize
alginate and AQDS as electron donors or acceptors are
potentially created in media containing these com�
pounds, the number of ecological niches in these vari�
ants is higher than in the medium with free ferrihy�
drite. Moreover, alginate beads may promote biofilm
development and stimulate growth of microorganisms
requiring attachment to solid substrates. In sustainable
enrichment cultures with alginate and Fe(III), micro�
organisms were revealed only remotely related to
known cultured species. Thus our results may be used
for development of procedures for isolation of prokar�
iotes belonging to new taxa.
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