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Abstract—Thermophilic microorganisms can reduce Fe(Ill), Mn(IV), Cr(VI), U(VI), Tc(VII), Co(Il),
Mo(VI), Au(l, III), and Hg(II). Ferric iron and Mn(IV) can be used as electron acceptors during growth; the
physiological role of the reduction of the other metals is unclear. The process of microbial dissimilatory reduc-
tion of Fe(II) is the most thoroughly studied. Iron-reducing prokaryotes have been found in virtually all of the
recognized types of terrestrial ecosystems, from hot continental springs to geothermally heated subsurface sed-
iments. Thermophilic iron reducers do not belong to a phylogenetically homogenous group and include repre-
sentatives of many bacterial and archaeal taxa. Iron reducing thermophiles can couple Fe(Ill) reduction with
oxidation of a wide spectrum of organic and inorganic compounds. In the thermophilic microbial community,
they can fulfil both degradative and productive functions. Thermophilic prokaryotes probably carried out global
reduction of metals on Earth in ancient times, and, at the same time, they are promising candidates for use in
modern biotechnological processes.

Key words: thermophilic microorganisms, microbial metal reduction, dissimilatory Fe(IIl) reduction, iron-

reducing prokaryotes.

Microbial reduction of metals plays an important
role in the biogeochemical cycles of the modern bio-
sphere. The microbial processes of the reduction of
iron, manganese, chromium, and uranium are interre-
lated with the cycles of carbon, oxygen, and sulfur and
can exert a considerable ecological effect on the mod-
ern environment [1-3]. In certain marine, freshwater,
and soil ecosystems, the reduction of Fe(Ill) and
Mn(IV) by microorganisms is the main process provid-
ing for the oxidation of organic matter [4—6]. A still
greater role may have been played by the reduction of
ferric iron in the ancient biosphere, where Fe(IIl) was
probably evolutionarily the first and, for a certain
period, major oxidant of organic carbon [7]. Microbial
reduction of metals considerably influences human
activity. It suffices to mention biocorrosion, gley forma-
tion in soils, contamination of the environment with
heavy metals and radionuclides, etc. [§—10]. The ability
of microorganisms to use metal-containing compounds
in their metabolic processes is a fact that has attracted
the attention of astrobiologists [11]. Of great interest is
the reduction of metals by thermophilic prokaryotes.
Modern hydrothermal ecosystems are often considered
to be relicts of the ancient Earth biosphere, and the pro-
cesses that occur in them may serve as models for
reconstruction of ancient biocenoses [12]. The hypoth-
esis of the existence of a hot subsurface biosphere
whose total biomass exceeds that of the surface one
suggests active involvement of thermophilic microor-
ganisms in modern global biogeochemical processes
[13]. Thermophilic microorganisms have long been

known to use many inorganic electron acceptors; how-
ever, it was only a short time ago that the ability of ther-
mophiles to reduce metals was demonstrated [14].

TYPES OF MICROBIAL METAL REDUCTION

The reduction of metals can fulfil various functions
in cell metabolism: the function of energy generation
(dissimilatory reduction), a biosynthetic function
(assimilatory reduction), or a detoxification function; it
can also lack a definite function (nonspecific reduc-
tion). Dissimilatory reduction may be obligatory
(anaerobic respiration) or facultative (fermentation
facilitated by an exogenous acceptor of electrons).
Thus, microorganisms carrying out dissimilatory metal
reduction include not only metal-respiring organisms
but also fermenters that discharge part of the reducing
equivalents to a metal and thus gain an additional yield
of energy. Some detoxication reactions can also be con-
sidered as dissimilatory processes; for example, a dis-
charge of part of the electrons to an exogenous acceptor
may relieve the inhibitory effect of the product other-
wise formed (often hydrogen) and, thus, make resump-
tion of energy generation possible. It is commonly
believed that, during dissimilatory metal reduction, the
acceptor is not transported into the cell. However, it has
recently been found that bacteria carrying out dissimi-
latory reduction of Fe(IIl) and Mn(IV) can form intracel-
lular inclusions containing iron and manganese [15, 16].
The quantity of metals involved in the dissimilatory
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processes is several orders of magnitude greater than
that of metals involved in assimilatory processes.

Assimilatory reduction of metals has mainly been
studied using the example of iron, which is a vitally
important macroelement for most organisms. Reduc-
tion of chelated Fe(II) is carried out by iron reductases
and may occur either prior to or after its transport into
the cell [17]. The formation of magnetosomes by mag-
netotactic bacteria is also an assimilative process [18].
Other metals for which enzymatically catalyzed redox
reactions are known (Mn, Mo, Co, Ni, V, W, are Cu) are
present in cells in trace amounts [19]. Metal reduction
by microorganisms may be a detoxication process,
which has been studied in detail for Hg(Il) and Cr(VI)
compounds [20, 21]. In some cases, the reduction of
metals may occur as a result of the nonspecific activity
of certain enzymes, e.g., flavin reductases [17].

Many metal-containing compounds are insoluble,
and microorganisms have elaborated different strate-
gies for their reduction: direct contact, use of chelating
compounds, employment of endo- and exogenous elec-
tron carriers, and interaction with the electron sphere
[22-24]. Microbial reduction of metals may lead to the
formation of minerals. It is believed that, during dissim-
ilatory reduction, only the transfer of electrons to the
metal is an enzymatic step, and the subsequent formation
of minerals occurs without the involvement of enzymes
under the action of physicochemical factors [25]; i.e., the
process occurs as a biologically induced mineralization. In
contrast, magnetotactic bacteria form intracellular crystals
of magnetite or greigite in a process classified as a bioti-
cally controlled mineralization [18].

REDUCTION OF FE(IIl) BY THERMOPHILIC
MICROORGANISMS

Fe(IIl) + e« — Fe(II). The ability of thermophilic
microorganisms to reduce trivalent iron was first dem-
onstrated for Sulfolobus acidocaldarius in 1976 by
Brock and Gustafson [26]. Intense research into ther-
mophilic iron reduction was started in the mid-1990s
with the obtaining of enrichment and pure cultures of
thermophiles carrying out dissimilatory reduction of
Fe(II) [27-31].

Natural Habitats and Cell Numbers
of Thermophilic Iron Reducers

Microorganisms capable of dissimilatory reduction
of Fe(Ill) have been found in virtually all the known
types of thermal ecosystems, including terrestrial and
marine hydrothermal vents and geothermally heated
subsurface waters and sediments (see table).

The enrichment culture method has shown the pres-
ence of thermophilic iron reducers in sediments from
hot freshwater springs, brooks, and geothermally
heated soils in geographically diverse regions [27, 29].
New taxa of iron-reducing thermophiles have been iso-
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lated from the continental hot springs of Kamchatka
and Yellowstone National Park [31-34]. Iron-reducing
microorganisms have been found not only in thermal
systems with neutral pH values but also in acidic and
alkaline environments [35-37]. In terrestrial hot
springs, the cell numbers of iron reducers may reach
107 cells/ml [38]. In these habitats, ferric iron originates
from deposits of weakly crystalline iron oxides (either
abiogenic or biogenic), which are formed at the sites of
discharge of Fe(II)-containing hydrothermal waters. In
the subsurface waters of the hydrothermal regions of
Kamchatka, the total concentration of dissolved iron
reaches tens of milligrams per liter for acid springs and
usually does not exceed 1 mg/l in waters with pH values
close to neutral [39]. The content of Fe in heated soils
near solfataras reaches tens of grams per kilogram [40].

Thermophilic microorganisms capable of dissimila-
tory reduction of Fe(III) have been found in the forma-
tion waters of high-temperature oil fields, both marine
ones and those located within continents [30, 41]. The
cell numbers of iron reducers in these ecosystems is
estimated to be 10—100 cells/ml [41]. Iron oxides may
occur in the composition of oil-bearing rocks, and the
concentration of dissolved iron in formation waters
sometimes reaches tens of milligrams per liter. Ther-
mophilic iron-reducing bacteria have been isolated
from aquifers occurring under gold mines at depths
varying from hundreds of meters to 3.2 km [42, 43].
Iron-reducing thermophiles were also found in sedi-
mentary basins that had been isolated from the geolog-
ical and hydrological processes occurring at the surface
for millions of years [28, 44].

Deep-sea hydrothermal vents are also inhabited by
thermophilic iron-reducing microorganisms; they have
been detected on the outer surface and inside sulfide
chimneys (black smokers) and in the hydrothermal fluid
[45]. In different parts of the sulfide chimneys, the cell
number of cultivable iron reducers varies from 10 to
107 cells/ml [45]. Iron-reducing thermophiles have
been isolated from hydrothermal vents of the East
Pacific Rise, Mid-Atlantic Ridge, Juan de Fuca Ridge,
and Guaymas hydrothermal system [45-48]. The sur-
face of the black smokers is often covered by iron oxide
deposits that vary in color from black to light brown,
and the content of iron in the hydrothermal fluid
reaches molar values [49]. The formation of Fe(IIl) in
these systems may occur as a result of oxidation of
hydrothermally leached Fe(Il) by cold oxygenated
water or at the expense of the reduction of seawater sul-
fates by the ferrous iron present in basalts (this reaction
occurs at temperatures above 300°C) [50].

The processes of microbial iron reduction occurring
in shallow-water marine hydrothermal vents are less
studied. Enrichment cultures of thermophilic iron
reducers have been obtained from coastal marine
hydrotherms near the Kuril Islands [51]. In some
microorganisms that had been isolated from shallow-
water hydrothermal vents at an earlier date, the capacity
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for dissimilatory reduction of Fe(Ill) was discovered
[52, 53].

The thermophilic microorganisms inhabiting
anthropogenic ecosystems are also able to use Fe(III) as
an electron acceptor. Thermophilic iron reducers have
been found in an amount of up to thousands of cells per
cm? in water and deposits of corrosion products in heat
supply pipelines [54]. Self-heated coal and ore piles are
inhabited by moderately thermophilic acidophilic bac-
teria that can reduce Fe(III) under anaerobic conditions
[55]. Thermophilic iron-reducing microorganisms have
been found in an anaerobic bioreactor and in a system
of nitric oxide removal from flue gas by absorption with
Fe(II)-EDTA [56-58]. An enrichment culture of iron-
reducing hyperthermophiles has been obtained from sam-
ples of the digested sludge of an anaerobic digestor [59].

Phylogenetic Diversity of Thermophilic Prokaryotes
Carrying out Dissimilatory Reduction of Fe(Ill)

The thermophilic microorganisms capable of dissim-
ilatory reduction of Fe(III) do not form a specific phylo-
genetic group. Representatives of both prokaryotic
domains, Bacteria and Archaea, can use iron as an elec-
tron acceptor. Currently, about 30 species of iron-reduc-
ing thermophiles, representing 19 genera, are known
(table) (to compare, 60 species of mesophilic iron reduc-
ers, representing 26 genera, are recognized [3]).

Iron-reducing thermophilic bacteria belong to phy-
logenetically diverse taxa. Bacillus infernus, Thermo-
terrabacterium ferrireducens, Thermovenabulum fer-
riorganovorum, Thermosinus carboxydovorans, and
species of the genera Thermoanaerobacter, Anaero-
branca, and Sulfobacillus represent the low G+C lin-
eage of gram-positive bacteria [28, 31-33, 37, 41, 55,
60-62]. The moderately thermophilic Acidimicrobium
ferrooxidans belongs to the class Actinobacteria [55].
Geothermobacter ehrlichii is a deltaproteobacterium
[48]. Deferribacter thermophilus and Deferribacter
abyssi represent a special class, namely, Deferribacte-
res [30, 47]. The following thermophilic iron reducers
also represent separate phylogenetic high-level groups:
Thermus scotoductus (the Thermus/Deinococcus
group), Sulfurihydrogenibium subterraneum and Sulfu-
rihydrogenibium azorense (the class Aquificae), Ther-
motoga species (the class Thermotogae), and Geother-
mobacterium ferrireducens and Thermodesulfobacte-
rium commune (the class Thermodesulfobacteria) [34,
41, 52, 56, 63—-65]. On the basis of results of molecu-
lar—ecological studies, it is assumed that thermophiles
phylogenetically close to the mesophilic Fe(III)-reduc-
ing genus Shewanella (gammaproteobacteria) are also
capable of iron reduction [66].

The archaea shown to be capable of dissimilatory
reduction of Fe(III) belong to the kingdoms Crenarcha-
eota (the order Thermoproteales: Pyrobaculum island-
icum) and Euryarchaeota (the order Archaeoglobales:
Ferroglobus placidus and Geoglobus ahangari and the

SLOBODKIN

order Thermococcales: Thermococcus species) [41, 45,
46, 52, 56]. The highest temperature organism currently
known (strain 121 of “Geogemma barosii) is also an
iron-reducing archaeon and belongs to Crenarchaeota
[3, 67].

Possession of the capacity for iron reduction does
not correlate with the generic and, sometimes, even
species affiliation of a microorganism and seems to be
a strain-specific property. Thus, none of the four Bacil-
lus species phylogenetically close to B. infernus is
capable of anaerobic growth with Fe(IIl) [28]. One of
the three currently recognized species of Deferribacter,
D. desulfuricans, is incapable of iron reduction [68].
Thermodesulfobacterium commune reduces Fe(IIl),
and Thermodesulfobacterium hveragerdense does not
[34]. Out of the five strains of Thermus scotoductus
studied, four were capable of ion reduction, and one
was not; the other three species of the genus Thermus
do not include iron-reducing representatives [63]. Nev-
ertheless, genera are known in which all of the repre-
sentatives tested proved to be capable of dissimilatory
reduction of Fe(Ill) (Thermoanaerobacter, Thermo-
toga, and Anaerobranca) [32, 37, 41].

Physiology of Thermophilic Iron Reducers

Temperature and pH ranges. The highest temper-
ature at which microbial reduction of Fe(III) has been
recorded is 121°C; currently, it is also the upper known
limit of life [67]. The highest temperature eubacterium
(Geothermobacterium ferrireducens, with a maximal
growth temperature of 100°C) is also a dissimilatory
iron reducer [34]. Many thermophilic iron-reducing
prokaryotes have their lower growth limits at 30-40°C
(table). Iron reduction has mainly been studied at opti-
mal growth temperatures; however, for some microor-
ganisms, temperature dependence curves have been
obtained both for growth and iron reduction, and they
invariably coincide [31, 42, 60]. Although most of the
currently known iron reducers are neutrophilic micro-
organisms, the pH range of thermophilic iron reduction
is quite broad. Representatives of the genera Sulfolo-
bus, Sulfobacillus, and Acidimicrobium reduce ferric
iron at pH 1.5-2.0 [26, 55]. In the alkaline zone, species
of the genus Anaerobranca can grow at pH 10-10.5;
the reduction of Fe(Ill) by these microorganisms has
been studied at pH 9.5 [37].

Types of metabolism. The ability to use Fe(IIl) as
an exogenous electron acceptor has been found in ther-
mophilic microorganisms with different types of
metabolism. This capacity is displayed by fermenters
and obligately respiring anaerobes with different types
of respiration (sulfur, manganese, and nitrate reducers),
as well as by aerobic microorganisms in the absence of
oxygen (table). For most of these microorganisms,
Fe(III) is not the sole electron acceptor used. Geother-
mobacterium ferrireducens and Geoglobus ahangari
are an exception; moreover, Geothermobacterium ferr-
ireducens can grow only with weakly crystalline iron
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oxide and does not reduce soluble ferric compounds
[34, 46]. Many microorganisms with a fermentative
type of metabolism (representatives of the genera Ther-
motoga, Thermoanaerobacter, Thermoterrabacterium,
and Thermococcus) are capable not only of fermenta-
tion with ferric iron reduction but also of lithotrophic
growth with Fe(III) as an electron acceptor and molec-
ular hydrogen as an electron donor [41, 52, 60, 69].
Quantitative data on the effect of Fe(III) reduction on
the energy metabolism of fermentative microorganisms
are scarce. It has been shown that, during the organ-
otrophic growth of Thermoterrabacterium ferrire-
ducens and Thermoanaerobacter siderophilus in the
presence of ferric iron, the maximum cell yield
increases three- and twofold, respectively, and the ratio
of metabolic products changes. For Thermoanaero-
bacter siderophilus, growth stimulation by Fe(Ill) is
due to elimination of the inhibitory effect of molecular
hydrogen, whereas, for Thermoterrabacterium ferrire-
ducens, it is evidently due to generation of additional
energy in the electron transport chain [69].

Cell suspensions of some hyperthermophilic bacte-
ria and archaea belonging to different physiological
groups of prokaryotes (fermentative microorganisms,
sulfate reducers, methanogens, and sulfur reducers)
proved to be able to reduce Fe(Ill) with molecular
hydrogen, and the iron-reducing activity was found to
be constitutive [52]. This wide distribution of iron-
reducing capacity among organisms that are commonly
considered to be close to the last common ancestor of
all living organisms suggests that the reduction of
Fe(III) may be the most ancient type of metabolism.

Electron donors. Thermophiles can use a wide
spectrum of organic compounds for the reduction of
Fe(Ill) (table). Acetate, the key intermediate in the
decomposition of organic matter under anaerobic con-
ditions, is completely metabolized by iron reducers
within the entire range of their growth temperatures. An
important finding was the discovery of the capacity for
acetate utilization coupled with Fe(Ill) reduction in
hyperthermophilic archaea [53]; thus far, microbial
acetate oxidation at temperatures above 80°C has been
demonstrated only for iron reducers and has not been
found in any other microbial group. Interestingly, some
strains of the genus Thermoanaerobacter shown to be
capable of acetate utilization in the presence of Fe(IlI)
[60]; before this result was obtained, thermoanaero-
bacters were not known to grow by oxidation of nonfer-
mentable organic compounds. Hyperthermophilic iron
reducers have two more unique physiological proper-
ties, unknown in other hyperthermophilic prokaryotes:
the capacities for anaerobic oxidation of aromatic com-
pounds (Ferroglobus placidus) [70] and long-chain
fatty acids (Geoglobus ahangari) [46]. The results of
studies on the utilization of reducing sugars as sub-
strates for iron reduction should be considered taking
into account adequate abiotic controls, since, at ele-
vated temperatures, these compounds chemically
reduce ferric iron [71]. Among inorganic compounds,
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molecular hydrogen, thiosulfate, tetrathionate, elemen-
tal sulfur, and carbon monoxide can be electron donors
for thermophilic iron reduction (table).

Autotrophic growth. Many iron-reducing thermo-
philes can use molecular hydrogen; however, the capac-
ity for autotrophic growth has been studied in a limited
number of these organisms (table). Geoglobus ahan-
gari, Geothermobacterium ferrireducens, Thermode-
sulfobacterium commune, Thermoterrabacterium fer-
rireducens, Sulfurihydrogenibium subterraneum, and
Sulfurihydrogenibium azorense [34, 46, 64, 65, 69]
have proved capable of growth with H, and Fe(IIl) in
the absence of organic carbon sources. 1. ferrireducens
could grow without any organic compounds (the culti-
vation medium was even devoid of vitamins). The H,
concentration threshold for H, consumption by this
organism is 3 ppmv (3 x 107 vol %). The presence of
CO-dehydrogenase activity suggests that CO, fixation
by T. ferrireducens occurs via the anaerobic acetyl-
CoA pathway [69]. Among the mesophiles capable of
dissimilatory reduction of Fe(Ill), the capacity for
autotrophic growth has been shown only for the acido-
phile Acidithiobacillus ferrooxidans, which uses
molecular hydrogen or elemental sulfur as electron
donors during iron reduction [72]. In none of the meso-
philic iron reducers growing at pH values close to neu-
tral ones has the capacity for autotrophic growth been
found.

Biochemistry of Fe(lll) Reduction by Thermophiles

Information on the biochemical mechanisms of
Fe(III) reduction by thermophilic prokaryotes is scat-
tered in a few individual reports. Nothing is known
about the assimilatory iron reductases of thermophilic
bacteria, although assimilation of iron by mesophiles
has been well studied [17]. The only iron reductase that
has been purified from a thermophile, crystalized, and
thoroughly characterized is the enzyme from the hyper-
thermophilic archaeon Archaeoglobus fulgidus [73, 74].
This enzyme consists of one 18-kDA subunit and
occurs in the soluble cell fraction, accounting for
0.75% of the total soluble cell proteins. It can use both
NADH and NADPH for iron reduction, and the pres-
ence of FMN or FAD is necessary for its catalytic activ-
ity. It remains unknown whether this iron reductase per-
forms an assimilatory or a dissimilatory function.
Although iron-reducing activity has been shown in
A. fulgidus cell suspensions, this organism is incapable
of using Fe(IIl) as an electron acceptor for growth [46,
52, 75]. Studies of another hyperthermophile, Pyrobac-
ulum islandicum, grown on an Fe(Ill)-containing
medium showed that, in this organism, the NADP-
dependent iron reductase activity is localized in the
cytoplasm and is not associated with c-type cyto-
chromes, which are characteristic of mesophilic micro-
organisms capable of dissimilatory iron reduction [76].
In the gram-positive Fe(Ill)-reducing bacterium 7Ther-
moterrabacterium ferrireducens, the main part of the
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iron reductase activity is localized in the cell membrane
fraction. Preparations of partially purified membrane-
bound iron reductase were found to contain c-type
cytochromes and catalyze the reduction of soluble and
insoluble forms of Fe(III), with NAD or NADPH as the
electron donors [77].

Transformation of Iron Compounds

Most of the studies on thermophilic microbial
reduction of iron have been performed with the use of
insoluble amorphous Fe(III) oxide or soluble ferric iron
citrate playing the role of electron acceptors. In the
published studies, amorphous Fe(Ill) oxide is also
termed weakly crystalline Fe(IlI) oxide, Fe(Ill)
hydroxyhydroxide, hydrated Fe(Ill) oxide, Fe(II)
hydroxide, amorphous Fe(Ill) hydroxide, or ferrihy-
drite. These terminological differences seem to be due
both to differences in the extent of crystallization of the
oxides of ferric iron synthesized in different laborato-
ries and to subjective preferences. There are virtually
no data on the reduction of Fe(III) oxides other than the
amorphous oxide. Three hyperthermophilic iron reduc-
ers investigated in this respect did not reduce hematite
or goethite [34, 46, 78]. Under acidic conditions, mod-
erately thermophilic iron-reducing bacteria reduce
goethite and jarosite, bringing about dissolution of
these minerals [55]. The soluble Fe(III) forms reduced
by thermophiles include, in addition to Fe(IIl) citrate,
Fe(IlI) complexes with EDTA and nitrilotriacetate, as
well as Fe(Ill) sulfate, which is employed at low pH
values [42, 55, 73]. Some organisms are unable to
reduce soluble Fe(Ill) compounds and reduce only
amorphous oxide [34, 48]. Thermophiles and hyper-
thermophiles have been shown to reduce humic acids
and their analogue anthraquinone disulfonate [31, 79].
In the presence of micromolar concentrations of the lat-
ter compound, hyperthermophilic archaea can reduce
crystalline iron oxides [79]. Most probably, in some
ecosystems, humic compounds are involved in iron
reduction as mediators of electron transfer.

During the reduction of amorphous Fe(Ill) oxide,
laboratory cultures of thermophilic iron reducers form
magnetite (Fe;0,) and siderite (FeCOs;) [27, 80]. Extra-
cellular magnetite crystals formed under different con-
ditions measure from 0.01 to 40 pm. They have an octa-
hedral or prismatic shape and may contain a single
magnetic domain [27, 60, 81]. Moessbauer and diffrac-
tion studies have shown that the newly formed magne-
tite crystals are not perfectly ordered [27, 82, 83]. Data
from thermodynamic modeling and laboratory experi-
ments indicate that the magnetite/siderite ratio depends
on a number of parameters, including pH, partial pres-
sure of CO,, Fe?* concentration, the amount of amor-
phous Fe(IlI), and the presence of inert organic matter
[27, 83]. Magnetite can also be formed in cultures of
hyperthermophilic sulfate-reducing microorganisms at
the expense of the chemical interactions occurring at
elevated temperatures between H,, amorphous Fe(IIl)
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oxide, and the sulfide formed enzymatically as a result
of dissimilatory reduction of sulfate [75]. Under certain
conditions, the formation of magnetite films by thermo-
philic iron reducers might decrease the corrosion of
steel [54]. However, data are also available on the acti-
vation of corrosive processes in the presence of iron-
reducing bacteria [84]. A study of the fractionation of
oxygen and carbon isotopes in siderite formed as a
result of the activity of thermophilic iron reducers
showed that it is mainly dependent on the temperature
and bicarbonate concentration; under the conditions
studied, the microbial fractionation was indistinguish-
able from the abiotic one [85].

REDUCTION OF OTHER METALS
BY THERMOPHILIC MICROORGANISMS

As arule, hydrothermal fluids are enriched with ions
of various metals. In marine hydrothermal fluids, the
concentration of manganese may be as high as several
moles, and the concentrations of cobalt and molybde-
num may reach several micromoles per liter [49]. Cer-
tain terrestrial hydrothermal waters are characterized
by chromium and uranium contents of several micro-
grams per liter [39]. Insoluble iron oxides are also com-
ponents of hydrothermal systems.

As compared to ferric iron reduction, microbial
reduction of other metals has been less thoroughly stud-
ied. Apart from Fe(IIl), only Mn(IV) and Mo(VI) have
been shown to be used by thermophilic prokaryotes for
energy generation during growth [30, 86]. Chromium,
uranium, technetium, gold, and mercury compounds
are toxic for microorganisms, and this hinders perform-
ing experiments with growing cultures. The available
data allow a conclusion to be made that no correlation
exists between the capacity of a microorganism to
reduce Fe(Ill) and its ability to reduce other metals
(table). The fact that not all of the iron reducers investi-
gated in this respect could reduce other metals indicates
that the biochemical mechanisms of reduction of differ-
ent metals are different. Experiments on metal reduc-
tion commonly use microorganisms for which the
capacity for iron reduction has earlier been shown.
Tests of the ability of thermophiles belonging to other
physiological groups to reduce toxic metals and the
employment of metal-containing media to obtain new
enrichment and pure cultures should extend the list of
known metal reducers. The processes of vanadium(V)
and copper(Il) reduction, demonstrated for mesophilic
prokaryotes, are unknown in thermophiles. Neither are
any data available on the reduction by thermophilic
prokaryotes of actinides such as neptunium(V) and plu-
tonium(I'V), although mesophilic microbial processes
of their reduction have been demonstrated [87].

Since the reduced forms of uranium, technetium,
cobalt, and chromium are less soluble than their oxi-
dized forms, thermophilic microbial metal reduction
can be used for immobilization of toxic metals and radi-
onuclides, e.g., in the biotechnological processes of hot
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wastewater treatment or for bioremediation of disposal
sites of radioactive wastes, where the temperature near
the gradually cooling radioactive masses remains
within the range favorable for thermophiles for a long
period of time.

Reduction of manganese: Mn(IV) + 2¢e —
Mn(IT). Mn(IV) can be used as an electron acceptor by
Bacillus infernus, Deferribacter thermophilus, Ther-
moanaerobacter siderophilus, Thermovenabulum fer-
riorganovorum, and Thermoanaerobacter spp. (table).
The isolation of pure cultures of B. infernus and
D. thermophilus has been performed with the employ-
ment of insoluble MnO,, both at the enrichment stage
and to obtain colonies on solid medium. Cell suspen-
sions of Thermus scotoductus and Pyrobaculum islandi-
cum can also reduce Mn(IV) [42, 78]. The product of
Mn(IV) oxide reduction is rhodochrosite (MnCOs5) [60].

Reduction of chromium: Cr(VI) + 3e —
Cr(III). Hexavalent chromium can be reduced by
growing cultures of Thermoanaerobacter spp. (0.5 mM
KCrO, and lactate or glucose as the electron donor) and
cell suspensions of Thermus scotoductus (0.1 mM
KCrO, and lactate), Pyrobaculum islandicum (0.4 mM
KCrO, and H,), and Deinococcus geothermalis [42, 60,
71,78, 88].

Reduction of uranium: U(VI) + 2e — U(IV).
U(VI) is reduced by growing cultures of Thermoanaero-
bacter spp. (with 1 mM uranyl carbonate and lactate as
the electron donor) and cell suspensions of Thermus
scotoductus and Pyrobaculum islandicum (0.3 mM ura-
nyl acetate and H,). The final product of U(VI) reduc-
tion has been identified as uraninite (UO,), which is
deposited extracellularly [42, 60, 78].

Reduction of Tc(IV). Cell suspensions of Pyroba-
culum islandicum incubated with molecular hydrogen
as the electron donor converted 0.25 mM ammonium
pertechnetate into the insoluble reduced forms Tc(IV)
or Tc(V) [78].

Reduction of cobalt: Co(IIl) + 2e — Co(Il).
Trivalent cobalt compounds occur rarely. All the inves-
tigations on microbial reduction have been carried out
with artificially synthesized Co(II[)-EDTA. Reduction
of this compound to Co(II)-EDTA could be performed
by growing cultures of Thermoanaerobacter spp. and
cell suspensions of Thermus scotoductus and Pyrobac-
ulum islandicum [42, 60, 71, 78].

Reduction of molybdenum: Mo(VI) + e —
Mo(V). The reduction of Mo(VI) to — Mo(V) has
been observed in cultures of Sulfolobus acidocaldarius
and Acidianus brierleyi growing anaerobically with
elemental sulfur as the electron donor at pH 1.5-2.5 and
a temperature of 60°C. The use of Mo(VI) and an elec-
tron acceptor under these conditions can be inferred
from the high initial concentrations of molybdate
(5.2 mM) and lack of Mo(VI) reduction during growth
on a fermentable organic substrate [86].
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Reduction of gold. Cell suspensions of four out of
the seven hyperthermophilic microorganisms tested
(Pyrobaculum islandicum, Geoglobus ahangari, Pyro-
coccus furiousus, and Thermotoga maritima) have been
found to reduce soluble Au(IIl) to insoluble Au(0),
which was deposited in the medium or on the cell sur-
face. Reduction of trivalent gold occurred only if H,
was used as the electron donor. None of the organisms
studied could grow with Au(Ill) as the electron accep-
tor [89]. The reduction of Au(I) to Au(0) has been
observed during growth of Thermoanaerobacter spp.;
however, the cultures that performed the process could
not grow after transfers [60].

Reduction of mercury: Hg(Il) + 2e — Hg(0).
Reduction of divalent mercury to volatile metallic Hg®
can be performed by Deinococcus geothermalis, which
has the upper growth limit at 55°C. Genetic modifica-
tion of this organism by its transformation with a plas-
mid bearing a Hg(Il) resistance operon considerably
improves the parameters of mercury reduction [88].

CONCLUSION

Thermophilic  Fe(Ill)-reducing microorganisms
belong to 15 bacterial and 4 archaeal genera. Like many
other physiological groups of prokaryotes, the iron
reducers are a group composed of microorganisms that
are not united by common origin. Nor are iron-reducing
organisms strictly specific in a physiological respect:
all the known mesophilic and most of the thermophilic
iron reducers, including Fe(III) respirers, can also grow
at the expense of other metabolic processes. Several
hyperthermophilic organisms that are obligately depen-
dent on Fe(IIl) are an exception. Data on the ability of
hyperthermophiles to reduce Fe(Ill) have been used as
the basis of a hypothesis that views iron reduction as
one of the most ancient metabolic capacities. However,
the deficiency of data on the biochemical mechanisms
of iron reduction does not allow an unambiguous con-
clusion to be made on whether the capacity for iron
reduction has arisen only once or whether it originated
many times independently in the course of microbial
evolution. The distinctions between closely related
organisms, which may belong to the same genus or
even species, with respect to the presence of the iron-
reducing ability may indicate both its acquisition via
lateral gene transfer and loss as a result of mutation.

Iron-reducing prokaryotes have been found in virtu-
ally all the known types of thermal ecosystems, from
hot continental springs to deep-sea hydrothermal vents
and hydrothermally heated subsurface sediments. The
cell number of Fe(Ill)-reducing microorganisms in dif-
ferent biotopes varies within a wide range and is evi-
dently limited not only by the concentration of utiliz-
able iron compounds but also by the presence of an
electron donor. The amounts of iron reduced by micro-
organisms and the rates of this process in natural ther-
mal ecosystems are unknown. Despite the fact that the
ability to reduce Fe(III) has been found in such ubiqui-
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tous genera as Thermoanaerobacter and Thermococ-
cus, there are no data on the predominance of a partic-
ular taxonomic group of thermophilic iron reducers in
natural biocenoses.

Iron-reducing thermophiles couple the reduction of
Fe(IlI) with the oxidation of a wide range of organic
and inorganic compounds. The discovery of the ability
of hyperthermophilic iron reducers to utilize acetate,
long-chain fatty acids, and aromatic compounds has
changed the current concepts of fluxes of compounds in
microbial ecosystems developing at temperatures
above 80°C. Fe(Ill)-reducing thermophiles oxidize the
main groups of compounds formed during decomposi-
tion of dead microbial mass. Thus, complete mineral-
ization of organic matter may occur in zones of ferric
iron deposits (see the figure). The presence, in many
iron-reducing prokaryotes, of the capacity for lithoau-
totrophic growth, which has not been found in neutro-
philic iron-reducing mesophiles, suggests that, in ther-
mal ecosystems, iron reducers may be not only degrad-
ers but also producers of organic matter. Autotrophic
iron reducers that utilize juvenile gases can be primary
producers in autonomous microbial communities, e.g.,
those developing in the depth of the Earth’s crust.

In addition to Fe(III), eight more metals have been
shown to undergo microbial reduction under thermal
conditions: Mn(1V), Cr(VI), U(VI), Tc(VII), Co(IlI),
Mo(VI), Au(, III), and Hg(II). With the exception of
Mn(IV) and Mo(VI), which are used as electron accep-
tors during growth, the physiological role of the reduc-
tion of these metals is unknown. It is reasonable to
assume the existence of nonspecific biochemical mech-
anisms of the reduction of some metals, e.g., techne-
tium and other radionuclides, which never occur in nat-
ural environments in considerable concentrations. Sin-
gle experimental studies on the reduction of toxic
metals by thermophiles have mainly been performed
with cell suspensions of iron-reducing organisms and
soluble forms of metals.

The utilization of insoluble oxides of metals as elec-
tron acceptors is a unique feature of metal-reducing
microorganisms. Thermophiles have been shown to
enzymatically reduce amorphous and weakly crystal-
line oxides of Fe(Ill) and Mn(IV). The strategies of cell
interaction with a solid phase need further biochemical
and mineralogical studies.

The worldwide scientific community displays keen
interest in the processes of microbial metal reduction.
Thermophilic prokaryotes, which probably carried out
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global reduction of metals on Earth in ancient times,
are, simultaneously, promising candidates for modern
biotechnological processes.
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