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The last decade has seen an extraordinary growth of
Geomicrobiology. Microorganisms have been studied in
numerous extreme environments on Earth, ranging from
crystalline rocks from the deep subsurface, ancient
sedimentary rocks and hypersaline lakes, to dry deserts
and deep-ocean hydrothermal vent systems. In light of
this recent progress, we review several currently active
research frontiers: deep continental subsurface micro-
biology, microbial ecology in saline lakes, microbial
formation of dolomite, geomicrobiology in dry deserts,
fossil DNA and its use in recovery of paleoenviron-
mental conditions, and geomicrobiology of oceans.
Throughout this article we emphasize geomicrobiological
processes in these extreme environments.

Introduction

The last decade has seen an extraordinary growth of Geomicrobiol-
ogy. Microorganisms have been studied in numerous extreme envi-
ronments on Earth, ranging from crystalline rocks from the deep
subsurface, ancient sedimentary rocks, hypersaline lakes, to dry
deserts and deep-ocean hydrothermal vent systems. Even signatures
of possible ancient life on Mars are being presented. Studies of min-
eral-microbe interactions lie at the heart of this interdisciplinary
field, as minerals and rocks are the most fundamental earth materials
with which microbes interact at all scales. Below is a short review of
certain topics. Because of the diversity of the topics and rapid devel-
opment in this area, it is impossible to cover all aspects adequately.
We hope that this review will promote more focused research in
Geomicrobiology, and encourage collaboration among geologists,
geochemists, soil scientists, microbiologists, and environmental
engineers.

Continental deep-subsurface research

Investigations of geomicrobiological processes in the continental
deep subsurface are driven by a number of theoretical and practical
reasons. The theoretical reasons include our curiosity about the
origin of life and possible presence of life on other planets such as
Mars. On the practical side, microorganisms isolated from the deep
subsurface often contain unique assets, and they are ideal for envi-
ronmental bioremediation, microbially enhanced oil recovery, and
biotechnology development. The conditions of the deep continen-
tal subsurface are typically represented by anaerobic conditions,
high or low pH, high temperature and pressure, high radiation
(from decay of radioactive elements), and high salinity (Rothschild

and Mancinelli, 2001). These unique conditions have selected
unique microorganisms and novel metabolic functions. Readers are
directed to recent review papers (Kieft and Phelps, 1997; Pedersen,
1997; Krumholz, 2000; Pedersen, 2000; Rothschild and
Mancinelli, 2001; Amend and Teske, 2005; Fredrickson and Balk-
will, 2006). A recent study suggests the importance of pressure in
the origination of life and biomolecules (Sharma et al., 2002). In
this short review and in light of some most recent developments,
we focus on two specific aspects: novel metabolic functions and
energy sources.

Some metabolic functions of continental subsurface
microorganisms

Because of the unique geochemical, hydrological, and geological
conditions of the deep subsurface, microorganisms from these envi-
ronments are different from surface organisms in their metabolic
traits. Our understanding of these organisms and their metabolic
functions are hampered by the difficulty of cultivation. This diffi-
culty is due to multiple, the subsurface conditions to grow microor-
ganisms in laboratory and their slow growth rate is a major one.
Nonetheless, our current knowledge based on culture-independent
approach, limited success in cultivation, and isotopic evidence, sug-
gests that the subsurface microorganisms are often anaerobic and
thermophilic chemolithotrophs that are distinctly different from sur-
face organisms. Some organisms have shown remarkable resistance
to radiation (Pitonzo et al., 1999; DeFlaun et al., 2007). There are
generally three categories of continental subsurface environments:
subsurface aquifers and/or hydrothermal waters; sedimentary
basins/oil reservoirs, and crystalline metamorphic/igneous rocks.
Below is a summary of several major metabolic processes that occur
in these environments.

Metal reduction by thermophilic microorganisms

Metal reduction by thermophilic organisms is of great interest
for a number of reasons. First, hydrothermal systems are often con-
sidered as modern analogs of the ancient Earth’s biosphere, and
Fe(III) reduction could have been an important process on early
Earth (Vargas et al., 1998). Second, metal-microbe interaction is
relevant as we search for life on other planets, as magnetite, a prod-
uct of microbial reduction of iron, may constitute a robust bio-
marker that may have survived through later stages of alteration
(Nealson and Cox, 2002). Third, metal reduction by thermophilic
organisms is intimately connected to human life, such as bioreme-
diation of heavy metals and radionuclides in abandoned nuclear
facilities and landfill sites.

Thermophilic metal reducers are present in virtually all possible
habitats, ranging from sedimentary basins (oil reservoirs), terrestrial
hydrothermal waters, to deep subsurface crystalline rocks. Ther-
mophilic metal reducers are widely distributed in 15 bacterial and 4
archaeal genera, and most of them are only capable of reducing
Fe(IID) in either aqueous or chelated form, with a few being able to
reduce crystalline iron oxides (Slobodkin et al., 2005). Magnetite
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and siderite are common products depending on environmental con-
ditions. Heterotrophy is a dominant metabolic pathway with a few
organisms capable of autotrophic growth coupled with iron reduc-
tion. Interested readers are strongly advisted to refer to a review
paper (Slobodkin et al., 2005). Recently, a new anaerobic, ther-
mophilic, facultatively chemolithoautotrophic bacterium has been
isolated from terrestrial hydrothermal springs that are capable of dis-
similatory Fe(III) reduction (Zavarzina et al., 2007). Thermincola
ferriacetica (Isolate Z-0001) is able to grow chemolithoautotrophi-
cally with molecular hydrogen as the only energy substrate, Fe(III)
as electron acceptor and CO> as the carbon source (Zavarzina et al.,
2007). Strain Z-0001T is the first thermophilic bacterium capable of
both dissimilatory iron reduction and the anaerobic growth on CO,
coupled with hydrogen formation.

One interesting feature with certain thermophilic, acidophilic
metal reducers is the ability to conserve energy from both Fe(IIl)
reduction and Fe(Il) oxidation (Acidimicrobium ferrooxidans, Sul-
fobacillus thermosulfidooxidans, Sulfobacillus acidophilus) (Bridge
and Johnson, 1998). These organisms are capable of iron redox
cycling when they are grown in batch cultures at atmospheric partial
O> pressure. Zhang et al. (unpublished data) recently observed iron
cycling with a neutrophilic thermophile (Figure 1). Initially, it was
thought that iron redox cycling was carried out by an enrichment cul-
ture. However, iron cycling persisted after multiple transfers and iso-
lation. The reduction of Fe(IIl) in iron oxides and clay minerals and
oxidation of Fe(Il) in iron sulfides operated at different pH condi-
tions, with slightly acidic pH favoring Fe(III) reduction and alkaline
pH favoring Fe(Il) oxidation. Lactate served as an electron donor
during Fe(III) reduction, and acetate was believed to be the electron
acceptor during Fe(II) oxidation. Molecular analysis identified a sin-
gle organism (Thermoanaerobacter ethanolicus) responsible for
both Fe(III) reduction and Fe(II) oxidation. A previous paper reports
that acetate is necessary during Fe(II) oxidation (Kappler and New-
man, 2004).
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Figure 1 Left: 0.5 N HCI extractable Fe(Il) with time showing
Fe reduction-oxidation cycles in clay mineral nontronite (23.4%
structural Fe (I11)) inoculated with a co-culture (mixture of rods
and cocci) at pH 9.5. The no-cell controls do not show
significant change in Fe(Il) concentration. Right: SEM image
showing a close association between rod-shaped and coccus-
shaped cells. The scale bar is 400 nm. From Zhang et al.
(unpublished data).

Organic carbon degradation by heterotrophic and fermenta-
tive organisms

In petroleum reservoirs or groundwater aquifers within sedi-
mentary rocks, because of the availability of abundant organic mat-
ter, subsurface organisms are generally characterized by organ-
otrophic thermophiles/hyperthermophiles (Miroshnichenko and
Bonch-Osmolovskaya, 2006). Magot et al. (2004) and Van Hamme
(2003) reviewed the current state of knowledge of microorganisms
from petroleum reservoirs, including mesophilic and thermophilic
sulfate-reducing bacteria (SRB), methanogens, mesophilic and ther-
mophilic fermentative bacteria, and iron-reducing bacteria. Many of
these organisms can degrade sedimentary organic carbon (McMahon
and Chapelle, 1991; Krumholz et al., 1997) and oil components as
energy and carbon sources. Among major groups of organisms iden-

Episodes, Vol. 30, no.3

203

tified in these environments (Thermoanaerobacter, Thermodesul-
fovibrio, Thermotoga, Thermococcus, Methanothermobacter,
Methanococcus, and Methanobacterium) (Nazina et al., 2000;
Orphan et al.,, 2000), SRB (Amend and Teske, 2005) and
methanogenic archaea are of special importance. Thermophilic SRB
are mainly various species of Desulfotomaculum, Thermodesul-
forhabdus, and Desulfacinum (Amend and Teske, 2005). In petro-
leum reservoirs, abundant organic compounds provide growth sub-
strates for these heterotrophic sulfate reducers. In a recent study, Cai
et al. (2007) reported that SRB are capable of coupling U(VI) reduc-
tion with oxidation of petroleum with implication for a microbial
role in U ore deposit formation in the Shashadetai deposit, the north-
ern Ordos basin, NW China.

In sedimentary basins without petroleum potential, these organ-
isms, which live in highly-permeable sandstones, actually depend on
organic materials from adjacent shales for growth (Krumholz et al.,
1997; 1999). The interface between aquifer (high permeability) and
aquitard (low permeability) appears to be the most important location
for a number of biogeochemical reactions including sulfate reduction
(McMahon, 2001). More recently, a new anaerobic, thermophilic,
facultatively chemolithoautotrophic bacterium was isolated from ter-
restrial hydrothermal springs (Zavarzina et al., 2007) This organism
is capable of dissimilatory Fe (III) reduction.

Sulfur oxidation

In geothermal vents, solfataras, and hot springs, reduced sulfur
compounds may be more important electron donors than organic
carbon compounds, as these environments often contain high con-
centrations of inorganic compounds such as CO», SO2, N2, CO, Ha,
nitrate, and various metal oxides and sulfides (H»S). As a result, the
primary production of biomass in these environments is energized
by chemolithoautotrophic redox reactions of these inorganic com-
pounds. Synthesized biomass may be oxidized by heterotrophic
organisms. Among chemolithoautotrophs, oxidizers of sulfur com-
pounds coupled with reduction of nitrate and oxygen are commonly
isolated (Aragno, 1992; Skirnisdottir et al., 2001; Takai et al., 2001;
Franca et al., 2006) in these niches, as elemental sulfur and sulfur
compounds can serve as both electron acceptors and donors and are
used by a number of microorganisms to support growth.

The pathways and biochemistry of thermophilic, sulfur-oxidiz-
ing prokaryotes have been recently reviewed (Friedrich et al., 2005;
Kletzin et al., 2004). Most archaeal sulfur oxidizers are aerobic or
facultatively anaerobic, chemolithoautotrophic, thermoacidophilic,
with Acidianus ambivalens, A. infernos, and A. brierleyi from the Sul-
folobales order of the Crenarchaeota kingdom as representative
organisms. Some of the Sulfolobales are facultative anaerobes grow-
ing either by hydrogen oxidation with Sg as electron acceptor, form-
ing H»S, or by Sp oxidation with oxygen, forming sulfuric acid. In
the sulfur-oxidizing organisms, the cytoplasmic sulfur oxygenase
reductase (SOR) catalyzes the conversion of sulfur in the presence of
O, to give sulfite, thiosulfate and hydrogen sulfide as products
(Friedrich et al., 2005).

Because geothermal fields are commonly rich in inorganic
reduced sulfur compounds, they are particularly suited to ther-
mophilic sulfur-oxidizing bacteria (Aragno, 1992; Friedrich, 1998;
Ehrlich, 2005). However, relatively few thermophilic sulfur-oxi-
dizing bacterial species have been isolated. Aragno (1992) divides
sulfur-oxidizing thermophiles in the domain Bacteria into four
main categories according to their metabolism. The first group
contains hydrogen- and sulfur-oxidizing bacteria. Among this
group are obligate chemolithoautotrophic bacteria in the Aquifex-
Hydrogenobacter group and the spore-forming facultative
chemolithoautotroph Bacillus schlegelii. The second group con-
tains two Thermothrix species, strictly thermophilic sulfur oxidiz-
ers. The third category includes moderately thermophilic, aci-
dophilic Thiobacillus-like bacteria. The fourth category includes
moderately thermophilic, strongly acidophilic sulfur- and iron-oxi-
dizing bacteria (Aragno, 1992). Chemolitho-autotrophic sulfur
bacteria are phylogenetically and physiologically diverse and are
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alkaliphilic (Sorokin et al., 2003; Banciu et al., 2005), neutrophilic
or acidophilic (Kelly et al., 1997; Friedrich, 1998; Friedrich et al.,
2001).

A recent study isolated the first facultatively mixotrophic sul-
fur-oxidizing Thermus strain from a sulfide-rich hot spring in Ice-
land (Skirnisdottir et al., 2001), although various species of Thermus
are most commonly obtained in this environment (Hreggvidsson et
al., 2006). Certain Thermus strains from terrestrial geothermal envi-
ronments are capable of oxidizing arsenite to arsenate (Gihring and
Banfield, 2001; Gihring et al., 2001). However, they do not conserve
energy from oxidation of sulfur compounds. Sulfur-oxidizers are not
limited to hydrothermal environments. For example, a sulfur-oxidiz-
ing chemolithotroph was isolated from underground crude-oil stor-
age cavaties, suggesting that a group of bacteria (called cluster I bac-
teria) could yield energy for growth by oxidizing petroleum sulfur
compounds (Kodama et al., 2003).

Energy source

The extent of deep continental subsurface microbial life is ulti-
mately controlled by whether sufficient energy exists to sustain a
minimal metabolism. Chemolithotrophic communities depend on
geochemical energies for growth. H> is the most abundant source
(Stevens and McKinley, 1995; Pedersen, 2001; Chapelle et al.,
2002) and a variety of organisms can use H», including nitrate reduc-
ers, Mn (III) and Fe(III) reducers, sulfate reducers, and
methanogens. A substantial amount of energy is generated when H»
oxidation is coupled with these various electron acceptors (Amend
and Teske, 2005). The high diffusivity of H> makes it readily avail-
able to microorganisms in confined pore spaces in deep subsurfaces.

Subsurface H> can be produced via multiple pathways. The first
one is thermal decomposition of organic matter. The second one is
via organic matter fermentation (Chapelle, 2000). The third pathway
is via reactions between ultramafic and mafic rocks and fluids that
circulate them (commonly water), a process called serpentinization.
Recent years have seen an increased interest in studying the serpen-
tinization process. This process can produce strongly reducing con-
ditions and high H> concentrations. The H>, CHa4, and other reduced
compounds generated during this process may represent a substan-
tial and widespread source of chemical energy for carbon fixation by
autotrophic microbial communities in both surface and subsurface
environments (Stevens and McKinley, 1995; Alt and Shanks, 1998;
Charlou et al., 1998; Kelley et al., 2001; Chapelle et al., 2002; Char-
lou et al., 2002; Sleep et al., 2004; Kelley et al., 2005; Nealson et al.,
2005). Because such ecosystems exist with no input from photosyn-
thesis, they could represent a significant source of primary biomass
production in the subsurface. Such communities may be modern
analogs of ancient communities that were present on the early Earth
or exist on Mars and Europa (Shock, 1997; Holm and Andersson,
1998; Fisk and Giovannoni, 1999; McCollom et al., 1999; Sleep et
al., 2004; Zolotov and Shock, 2004). Because of the abundance of
both H, and CO> during this serpentinization process, methanogens
are usually the dominant organisms in the community (Stevens and
McKinley, 1995; Chapelle et al., 2002; Takai et al., 2004).

The strongly reducing conditions developed during serpen-
tinization are also favorable environments for the abiotic synthesis
of methane and other organic compounds from the reduction of CO»,
suggesting that serpentinites and the fluids discharging from them
could be enriched in abiotic organic compounds (Abrajano et al.,
1990; Charlou and Donval, 1993; Berndt et al., 1996; Charlou et al.,
1998; Holm and Andersson, 1998; Shock and Schulte, 1998; Horita
and Berndt, 1999; Holm and Charlou, 2001; McCollom and See-
wald, 2001; Charlou et al., 2002; McCollom and Seewald, 2003,
2006). Abiotically produced organic compounds are additional
chemical energy for microorganisms in subsurface and hydrothermal
environments, and may have been a primary source of prebiotic
compounds during the early evolution of life (Shock, 1990; Holm
and Andersson, 1998; Russell et al., 1998; Shock and Schulte, 1998;
Russell, 2003). A variety of heterotrophic organisms could depend
on abiotically synthesized organic compounds.

A few recent studies have strongly demonstrated the fourth path-
way for H> generation in the continental subsurface, i.e., radiolytic H»
production. In this pathway, H» is produced by radiolytic dissociation
of H»O during radioactive decay of U, Th, and K in the host rock (Lin
et al., 2005). This radiolytic H» is consumed by methanogens and abi-
otic hydrocarbon synthesis. Lin et al. (2005) has demonstrated that
this abiotic source of H» is sufficient to account for high concentra-
tions of Hp, and to sustain the lithoautotrophic communities detected
in fracture water of the deep mines of South Africa (Lin et al., 2007).
Analysis of gases in crystalline igneous rocks from Canada and South
Africa (Ward et al., 2004; Lollar et al., 2006) has shown that these
gases are composed predominantly of H, and CHy4 with smaller frac-
tions of light hydrocarbons. The isotopic and chemical composition
appears to suggest that they are a mixture of abiotic hydrocarbons and
biotic CH4 produced from methanogenic microbes utilizing the Ho
present. In such settings, radiolytic H, may be the predominant
source powering the deep subsurface microbial communities (Lin et
al., 2005; 2007).

Saline environments

Saline environments are globally distributed on Earth (Oren, 2002a)
and they are considered extreme environments for microbial life
(Oren, 1999a). Halophiles thrive in hypersaline niches and include
prokaryotes and eukaryotes (DasSarma and Arora, 2001). Among
halophilic microorganisms are found a variety of heterotrophic and
methanogenic archaea; photosynthetic, lithotrophic, and het-
erotrophic bacteria; and photosynthetic and heterotrophic eukary-
otes. Halophilic microorganisms occur in various sizes, shapes, and
colors (Vreeland and Hochstein, 1993; Oren, 1999b) (Figure 2).
Readers are directed to recent books on microbiology and biochem-
istry of halophiles (Oren, 1999a; Ventosa, 2004).

Figure 2 SEM secondary electron image of a halophilic
archaeal isolate. The scale bar is 2 um.

Effect of salinity on microbial composition

Previous studies have shown that the taxonomic diversity of
microbial populations in saline and hypersaline environments is low
(DasSarma and Arora, 2001; Oren, 2001; Benlloch et al., 2002), con-
sistent with general ecological principles that more extreme environ-
ments are inhabited by less diverse communities (Frontier, 1985). In
general, microbial composition is primarily controlled by salinity
(Oren, 2002b; Wu et al., 2006). Wu et al. (2006) studied the bacteri-
oplankton (free-living) community composition along a salinity gra-
dient of high-mountain lakes located on the Tibetan Plateau, China,
and reported a succession of proteobacterial groups as a function of
salinity. In general, the relative abundance of the Alphaproteobacte-
ria and the Gammaproteobacteria increases, but the Betaproteobac-
teria decreases with increasing salinity. This observation is consis-
tent with many other studies on inland waters (Glockner et al., 1999;
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Bockelmann et al., 2000; Brummer et al., 2004), dynamic saline sys-
tems such as estuaries (Bouvier and del Giorgio, 2002; del Giorgio
and Bouvier, 2002; Cottrell and Kirchman, 2003; Kirchman et al.,
2005; Henriques et al., 2006; Zhang et al., 2006) and coastal solar
salterns (Benlloch et al., 2002). Henriques et al. (2006) examined
successions of multiple groups of bacteria and reported dominance
of the Alphaproteobacteria and Gammaproteobacteria in the
marine-brackish section of the Ria de Aveiro estuary (Portugal) and
the Betaproteobacteria, the Deltaproteobacteria and the Epsilon-
proteobacteria in the freshwater section of the estuary. The reasons
for such succession have been suggested to be related to cell inacti-
vation/death due to dynamic hydrological conditions such as mixing
of riverine and estuarine waters (Bouvier and del Giorgio, 2002), but
observed successions in stable water bodies appear to suggest that
dynamic mixing is not necessarily a pre-condition (Wu et al., 2006).
Other studies have shown different succession patterns with salinity.
For example, Langenheder et al. (2003) showed that Alpha- and
Betaproteobacteria, and Gammaproteobacteria were more abun-
dant under freshwater conditions. Bernhard et al. (2005) analyzed
bacterioplankton community structure in Tillamook Bay, Oregon
and its tributaries to evaluate phylogenetic variability and its relation
to changes in environmental conditions along an esturine gradient.
The authors observed that the Gammaproteobacteria and Betapro-
teobacteria and members of the Bacteroidetes dominated in fresh-
water samples, while the Alphaproteobacteria, Cyanobacteria and
chloroplast genes dominated in marine samples. When bacteria are
attached to solid particles, such successions are generally not
observed (Selje and Simon, 2003; Jiang et al., 2007). In general, par-
ticle-attached and free-living bacterial community composition is
fundamentally different (DeLong et al., 1993; Crump et al., 1999;
Schweitzer et al., 2001; Acinas et al., 2005: Phillips et al., 1999).

Strategy of microbial adaptation to high salinity

With increasing salinity, bacterial abundance decreases, but
archaeal abundance may increase (Jiang et al., 2007b), so that
archaea become predominant in high-salinity environments (Matur-
rano et al., 2006). The reason for differential response of bacteria and
archaea to increased salinity is their different salt tolerance levels.
Most halophilic bacteria can live at moderate salinity up to 2.5 M salt
concentrations (Ventosa, 1998), but halophilic archaea can survive
up to salt saturation. Because of their different requirements for salt,
halophilic bacteria and archaea tend to occupy different salinity
niches, with the former being dominant at low salinity and the latter
being dominant at high salinity (Oren, 1993). However, most
halophilic species exist and function within a range of salinity.
Within this range, adaptation to increase in salinity is achieved in
different ways. The first (and the most important) one involves the
accumulation of organic compatible solutes within cytoplasm with-
out the need for change of intracellular proteins (thus called compat-
ible). This mechanism, referred to as “organic-osmolyte strategy”, is
widespread among the domain Bacteria and Eukarya and some
methanogenic Archaea. The major solutes are the amino acid-deriv-
atives glycine-betaine and ectoine (Galinski and Truper, 1994). The
genes encoding the enzymes for biosynthesis of these solutes have
been isolated and sequenced. The second adaptation mechanism is
the intracellular accumulation of a high concentration of K*. This
strategy, referred to as “salt-in-cytoplasm strategy”, requires exten-
sive adaptation of the intracellular enzymatic machinery, and is
therefore energetically expensive. This mechanism is used by a
minority of the known halophiles, including Halobacteriales of the
domain Archaea and Haloanaerobiales of the domain Bacteria.

Metabolic processes in saline environments

There are a variety of metabolic processes in saline environ-
ments (Oren, 2001). Here we summarize some recent findings
through a few examples.
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Ammonia oxidation

Ammonia-oxidizing bacteria (AOB) are chemolithoautotrophs
that use ammonia as the sole energy source and carbon dioxide as the
carbon source. AOB catalyze the '"nitrification process"
(NH3—NO2—=NO3"), which has a key position in natural nitrogen
cycling. Ammonia oxidation takes place either aerobically or anaer-
obically. Different AOB tend to occupy different environmental
niches and respond to environmental changes (ammonium concen-
tration, pH, redox state, and salinity) in different ways (Prosser and
Embley, 2002). In estuarine and coastal environments, AOB respond
to a freshwater-marine salinity gradient and nitrogen inputs (among
others) through changes in community composition and abundance
(Francis et al., 2003; Freitag et al., 2006; Urakawa et al., 2006).

Energetic considerations suggest that aerobic autotrophic
ammonia oxidation is not a favorable process in highly saline envi-
ronments, because nitrifying bacteria gain little energy from oxida-
tion of ammonium and nitrite, and a large fraction of generated
energy will have to be used to produce the NADPH required for
autotrophic CO; reduction (Oren, 2001). Oren (2001) estimated that
ammonia oxidation can exist at a salinity up to ~16%. Indeed, cul-
ture characteristics (Koops et al., 2004) and some molecular results
(Joye et al., 1999; Ward et al., 2000) are consistent with this obser-
vation. However, some studies have detected various AOB in more
saline environments (Voytek et al., 1999; Benlloch et al., 2002;
Stougaard et al., 2002), although the rates of primary production and
nutrient uptake are generally reduced at increased salinity (Joint et
al., 2002).

Recent studies have discovered that ammonia oxidation can be
carried out by non-thermophilic Crenarchaeota (Venter et al.,
2004; Francis et al., 2005; Konneke et al., 2005; Schleper et al.,
2005; Treusch et al., 2005; Nicol and Schleper, 2006) in a diverse
range of environments, including marine and freshwater sediments,
soils, and tissues and digestive tracts of animals (Leininger et al.,
2006; Nicol and Schleper, 2006; He et al., 2007; Zhang et al., 2007).
Further studies have shown that ammonia oxidizing archaea are
more abundant than their bacterial counterparts in certain soils
(Leininger et al., 2006; He et al., 2007) and oceans (Wuchter et al.,
20006), suggesting that in certain environments AOA may play a
more important role than AOB in global nitrogen cycling. The pres-
ence of AOA in saline environments has not been reported. Based
on the current knowledge that AOA are limited to Crenarchaeota
and Crenarchaeota are generally absent in high salinity environ-
ments (Cytryn et al., 2000; Benlloch et al., 2002; Demergasso et al.,
2004; Maturrano et al., 2006; Jiang et al., 2007), AOA may not be
present in those environments. However, a recent study recovered
Crenarchaeota from a very saline soil (13% salinity) (Walsh et al.,
2005), suggesting that non-thermophilic Crenarchaeota, perhaps
even AOA, may be present in saline environments. Indeed, Jiang et
al. (unpublished data) detected AOA in Qinghai Lake in northwest-
ern China. Likewise, temperature is not a factor in limiting the
widespread nature of AOA. Archaeal amoA genes have been recov-
ered in hot springs (Weidler et al., 2007).

Chemolithotrophic oxidation of sulfur compounds

Although chemolithoautotrophic sulfur-oxidizing bacteria
(SOB) have been well studied in acidic (Pronk et al., 1990; Madi-
gan et al., 2004) and neutral environments (Robertson and Kue-
nen, 1999), the presence of this group in saline environments is
not well understood. In the last decade, Sorokin and his co-work-
ers have isolated a large number of haloalkaliphilic SOB function-
ing at >9.5 and inhibiting various saline soda lakes (sodium car-
bonate/bicarbonate instead of NaCl) of varying salinity, mostly in
Central Asia (Sorokin and Kuenen, 2005). These authors
described three new genera in the Gammaproteobacteria: Thioal-
kalimicrobium, Thioalkalivibrio, and Thioalkaspira. Many of
these species have an optimal pH of 9-10 and can tolerate total Na
of up to 4.5 M. They are capable of autotrophically oxidizing a
number of sulfur compounds such as thiosulfate, sulfide, polysul-
fide, elemental sulfur, and sulfite. While most of these species are
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obligately aerobic, some can oxidize these compounds under
microaerophilic and denitrifying conditions. The same authors,
also using cultivation-based methods, have isolated a high diver-
sity of moderately and extremely halophilic chemolithoau-
totrophic SOB in various hypersaline but neutral-pH habitats,
including four new genera and representatives of Halothiobacillus
and Thiomicrospira (Sorokin et al., 2006b; Sorokin et al., 2006a).
The highest NaCl concentration that some of the species can tol-
erate is 5 M, extending the upper limit of salt tolerance based on
bioenergetic considerations (Oren, 2001). Despite these recent
advances in isolation and characterization of SOB, quantitative
understanding of the importance of these organisms in the overall
sulfur cycle is still lacking. Future studies should focus on mea-
surements of rates of sulfur oxidation by various SOB species
under in-situ conditions.

Sulfate reduction

Sulfate-reducing bacteria (SRB) have been shown to use
organic solutes (trehalose and glycine betaine) to provide osmotic
balance in saline environments (Welsh et al., 1996). This is energet-
ically expensive. In contrast to this demand, little energy is released
when acetate is used as an electron donor to couple with sulfate
reduction (Oren, 2001). When H; and lactate are used as electron
donors, more energy is released (Oren, 2001). This energy consider-
ation explains why most SRB have an optimal salinity tolerance of
no higher than 100 g/L, although the upper limit may be much higher
(Jakobsen et al., 2006; Belyakova et al., 2006). This consideration
also explains why isolates obtained from in-situ salinity of 27% in
the northern arm of the Great Salt Lake (Utah) were not able to grow
at the in-situ salinity, but optimally at 10% only (Kjeldsen et al.,
2007). In general, the sulfate-reducing rate is inversely correlated
with salinity (Brambilla et al., 2001; Sorensen et al., 2004). Kjeldsen
et al. (2007) studied the diversity of SRB from an extreme hyper-
saline sediment, the Great Salt Lake, and demonstrated that the SRB
diversity is clustered with the family Desulfohalobiaceae, Desul-
fobacteraceae, and Desulfovibrionaceae of the class Deltaproteobac-
teria, and the family Peptococcaceae in the phylum Firmicutes. Not
much information is available as yet on the nature of the electron
donors used by the communities of SRB in saline environments. A
recent paper reported that a wide variety of electron donors (lactate,
pyruvate, malate, fumarate, succinate, propionate, butyrate, croto-
nate, ethanol, alanine, formate, and H»/CO5) can be used by a moder-
ately halophilic, chemolithoautotrophic (H>/CO5), sulfate-reducing
bacterium Desulfovermiculus halophilus (Belyakova et al., 2006).

Biogenic formation of dolomite

Dolomite, with a chemical composition of [CaMg(COz3)2] and an
ordered structure, is an important mineral both economically and sci-
entifically. The physical and chemical properties of dolomite rocks
in sedimentary basins determine the size and quality of oil reser-
voirs. Dolomite formation plays an important role in global carbon
cycling. Sequestration of atmospheric CO» into dolomite may have
contributed to the gradual cooling of the Earth to the extent that life
became possible. Dolomite may contain valuable information about
the evolutionary history of the Earth.

Despite the economic and scientific importance of dolomite, the
mechanism of its formation remains enigmatic. The well-known
“dolomite problem” can be stated as follows: dolomite rock is one of the
most common sedimentary materials, yet efforts to synthesize dolomite
in the laboratory under simulated conditions (i.e., low temperature and
pressure) have largely failed (Land, 1998). Dolomite formation is ther-
modynamically favorable, but kinetically slow, i.e., there exists a kinetic
energy barrier in its formation (Krauskopf and Bird, 1995).

Dolomite can form via three pathways, as shown in Table 1.

Geological observations (i.e., poor preservation of fossils, the
coarseness of grains, cavities, and pore spaces) indicate that many
dolomite rocks form via replacement of pre-existing calcite (i.e.,

Table 1 Possible pathways for dolomite formation.

Dolomite formation mechsanism Ca | Mg | Sr [Mg/Ca| Sr/Ca

CaCO+Mg* " +2HCO; —> CaMg(CO),+CO,+H,0 | — | + | 1| | 1

2CaCO,+Mg**~> CaMg (CO,),+Ca®* (1 I A ! |

Ca’*+Mg" " +4HCO; -> CaMg(C0,),+2C0,+2H,0[ | | | | | | T 1

I =increases in concentration, | = decreases in concentration. ---=no change in
concentration. (After Rodriguez et al., 2000).

pathway 1 & 2) over a long time under conditions of high salinity
and pH, a low Ca/Mg ratio, and an elevated temperature (Krauskopf
and Bird, 1995). Dolomite can also form via primary precipitation
(pathway 3), especially those dolomites that are associated with
saline evaporite deposits (Vasconcelos and McKenzie, 1997;
Wright, 1999) and methane-bearing sediments and gas hydrates on
the ocean floor (Baker and Burns, 1985; Cavagna et al., 1999;
Rodriguez et al., 2000; Pierre and Rouchy, 2004; Sassen et al.,
2004). However, neither the replacement nor direct precipitation
mechanism has been demonstrated in the laboratory at low tempera-
tures in the absence of microbial activity.

The recent discovery of microbially mediated dolomite forma-
tion in culture experiments with sulfat- reducing bacteria (SRB) sug-
gests that bacteria can overcome the kinetic energy barrier to
dolomite formation by increasing pH and carbonate alkalinity (Vas-
concelos et al., 1995; Warthmann et al., 2000) and by removing sul-
fate, a known inhibitor to dolomite formation (Baker and Kastner,
1981). SRB may be important in mediating dolomite precipitation in
nature, such as modern saline lakes and lagoons (Vasconcelos and
McKenzie, 1997; Wright, 1999; Wright and Oren, 2005). One
halophilic SRB that can promote dolomite precipitation has recently
been isolated from a hypersaline coastal lagoon, Lagoa Vermelha,
Rio de Janeiro, Brazil (Warthmann et al., 2005). Some halophilic
(salt-loving) bacteria can precipitate dolomite even in the presence
of sulfate (Sanchez-Roman et al., 2005) and they may account for
primary precipitation of dolomite in modern hypersaline environ-
ments. Methanogens may also be important in mediating dolomite
precipitation (Roberts et al., 2004). These results collectively sug-
gests that SRB, halophiles, and methanogens all play important role
in dolomite formation, especially in saline environments.

Gas-hydrate and methane-seep deposits in deep oceans are the
largest potential fossil fuel reservoirs on Earth, and they play an
important role in regulating the global carbon cycle. Formation of
dolomite in these environments is globally significant, both in mod-
ern (Baker and Burns, 1985; Kulm and Suess, 1990; Matsumoto,
1990; Roberts and Aharon, 1994; vonRad et al., 1996; Sample and
Reid, 1998; Stakes et al., 1999; Aloisi et al., 2000; Rodriguez et al.,
2000; Greinert et al., 2001; Formolo et al., 2004; Sassen et al., 2004)
and ancient (Jorgensen, 1992; Terzi et al., 1994; Cavagna et al., 1999;
Peckmann et al., 1999; Peckmann et al., 2001; Peckmann and Thiel,
2004; Pierre and Rouchy, 2004) methane seeps and gas hydrate
deposits. Multiple studies have found negative 8'3C values of authi-
genic dolomite associated with these deposits (Kulm and Suess,
1990; Matsumoto, 1990; Jorgensen, 1992; Roberts and Aharon,
1994; Sample and Reid, 1998; Peckmann et al., 1999; Stakes et al.,
1999; Aloisi et al., 2000; Rodriguez et al., 2000; Greinert et al., 2001;
Peckmann et al., 2001; Campbell et al., 2002; Pierre and Rouchy,
2004; Sassen et al., 2004), implying that dolomite may be formed by
microbial oxidation of methane or organic matter coupled with sul-
fate reduction (Mazzullo, 2000). A recent study shows that dolomite
formation in organic-rich marine sediments is controlled in part by
competition between anaerobic methane oxidation and methanogen-
esis, which controls the speciation of dissolved CO,. AMO increases
the concentration of COs3? through sulfate reduction, favoring
dolomite formation, while methanogenesis increases the pCO; of the
pore waters, inhibiting dolomite formation (Moore et al., 2004).
However, a direct link between a microbial function and dolomite
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formation pathways has not been established for important carbon
reservoirs such as gas-hydrate and methane-seep deposits. Moreover,
dolomite formation under the in-situ conditions of gas-hydrate
deposits has not been demonstrated in the laboratory.

Dry deserts

Deserts are widely distributed on Earth and include both hot and
cold environments (Antarctic). One common characteristic of these
environments is the scarcity of water. As a result, water is the most
important limiting condition in deserts. Photosynthetic cyanobacte-
ria are the primary inhabitants in these environments (Wynn-
Williams, 2000). These primary producers typically live a few mil-
limeters below the surface of translucent rocks, such as quartz
(Schlesinger et al., 2003; Warren-Rhodes et al., 2006; Warren-
Rhodes et al., 2007), sandstone pebbles (Wynn-Williams, 2000);
halite (Wierzchos et al., 2006), and gypsum (Dong et al., 2007)
(Figure. 3). This micro-habitat is apparently achieved as a result of
balance between a sufficient supply of CO», N> and light to allow
photosynthesis and N> fixation on the one hand (Rothschild et al.,
1994) and protection from intolerable levels of irradiation, high
temperature, and arid surface condition (Cockell et al., 2005) on
the other. Even 1 mm of rock matrix could provide a sufficient
shielding effect of UV-radiation (Cockell et al., 2005) to allow
photosynthesis to proceed. Douglas and Yang (2002) found differ-
ent types of cyanobacteria colonizing gypsum, bassanite, and halite
in distinct layers of color in an evaporite deposit from Death Val-
ley, California, USA. From top down, the color changes from
uncolonized, to orange-brown, to blue-green, and finally purple.
This color change reflects different cyanobacterial community
composition and may suggest that different phototrophic commu-
nities may have different demands of water moisture and tolerance
of UV radiation. The effect of water availability is not only
reflected in vertical succession but also in lateral distribution of
phototrophic bacteria. In a recent study, Warren-Rhodes et al.
(2007) measured the abundance and spatial distribution of
cyanobacterial colonization on quartz stony pavements across
environmental gradients of rainfall and temperature in the isolated
Taklimakan and Qaidam Basin deserts of western China. The
authors found that site-level differences in cyanobacterial spatial
distribution pattern (e.g. mean inter-patch distance) were linked
with rainfall, whereas patchiness within sites was correlated with
local geology (greater colonization frequency of large rocks) and
biology (dispersal during rainfall).

Heterotrophic bacteria also occur widely in desert environ-
ments and their abundance appears to be related to mean annual pre-
cipitation. In the hyperarid core region of the Atacama Desert, the
heterotrophic community preferably inhabits the soil subsurface
(25-30 cm in depth) (Drees et al., 2006), rather than the more hostile
surface (Navarro-Gonzalez et al., 2003). A survey of multiple desert
environments appears to indicate that the heterotrophic community
composition is mainly composed of Alphaproteobacteria, Acti-
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Figure 3 A green layer of colonized cyanobacteria in gypsic
crust from the Atacama Desert. The colonization depth is
optimized for photosynthesis. Adopted from Dong et al. (2007).
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nobacteria, Flexibacteria, Firmicutes, Gemmatimonadetes, Planc-
tomycetes, and Thermus/Deinococcus (de la Torre et al., 2003;
Navarro-Gonzalez et al., 2003; Nagy et al., 2005; Chanal et al.,
2006; Drees et al., 2006). The metabolic functions of these groups in
such environments remain largely speculative. Some members of
Alphaproteobacteria may be potentially capable of aerobic anoxy-
genic photosynthesis (de la Torre et al., 2003).

Deserts have been proposed as a good analog for Mars,
because these two environments share many common characteris-
tics. Among these are presence of sulfate deposits (Cooper and
Mustard, 2002; Hughes and Lawley, 2003; Squyres et al., 2004;
Gendrin et al., 2005; Langevin et al., 2005; Aubrey et al., 2006),
low levels of refractory organic material, low number of detectable
bacteria, and equal oxidation of L and D amino acids (Wierzchos et
al., 2006). Organic materials may be preserved for geologically
long periods in sulfate minerals (Aubrey et al., 2006). Indeed, salt
deposits (halite and possibly sulfate) are one of the four possible life
habitats on Mars as predicted by a radiative transfer model (Cockell
and Raven, 2004), and microbial life and their signatures in such
deposits may be remotely detected by non-destructive spectroscopy
methods, even when microbes colonize a few mm below the rock
surface (Edwards et al., 2005a). Microorganisms from desert envi-
ronments have typically been adapted to extreme desiccation (Billi
et al., 2000) and radiation (Rainey et al., 2005), prevalent conditions
on Mars and possibly other planets. When these organisms colonize
the subsurface of rocks, their ability to resist radiation and desicca-
tion is significantly enhanced (Cockell et al., 2005), apparently due
to the shielding effect of rock matrix.

Fossil DNA and the concept of Paleome

Recent developments in molecular microbiology in the last decade
have allowed us to investigate the abundance, distribution, and iden-
tity of microorganisms in various extreme environments indepen-
dent of cultivation (Giovannoni et al., 1990; DeLong, 1992; Barns et
al., 1996; Pace, 1997; Hugenholtz et al., 1998; Takai and Horikoshi,
1999). These new techniques have been used to not only study
microorganisms in modern environments, but also in ancient rocks,
i.e., fossil DNA. A few pilot studies have shown a great promise in
reconstructing paleomicrobial communities and paleoenvironmental
conditions through investigations of fossil DNA and biomarkers pre-
served in sediments and sedimentary rocks (Coolen and Overmann,
1998; Coolen et al., 2004; Coolen and Overmann, 2007).
Inagaki et al. (2001) studied the microbial community of an oceanic
sub-seafloor core sample of the Pleistocene age (1410 cm long,
~2-2.5 Ma) recovered from the West Philippine Basin at a depth of
5719 m. The authors reported the discovery of vertically shifted
community structures of archaea. Beneath a surface community of
ubiquitous deep-sea archaea, an unusual archaeal community con-
sisting of extremophilic archaea, such as extreme halophiles and
hyperthermophiles, was present. These organisms were interpreted
to be microbial relicts, more than 2 million years old. The discovery
of an unusual archaeal community in this core sample, inconsistent
with the deep-sea environment, was inferred to reflect past terrestrial
volcanic and submarine hydrothermal activities surrounding the
West Philippine Basin.

In 2005, Inagaki et al. proposed the concept of "Paleome" for the
first time: "the use of preserved DNA and/or microbes to interpret the
past". The authors successfully extracted and amplified DNA from a
core sample of black shale of the Cretaceous age (100 Ma) collected
from Serre des Castets, near Marseilles, France. The authors elimi-
nated the possibility of contamination possibly caused during the
drilling and the sample processing. The DNA sequences were most
similar to those commonly found in deep-sea sedimentary environ-
ments, which prevailed during the deposition of black shales, but dif-
ferent from those commonly found in the modern terrestrial environ-
ment of the drill core. Moreover, the inferred aerobic/anaerobic
habitats, based on relatedness of the detected DNA sequences to cul-
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tivated microorganisms, were consistent with the inferred paleo-
environmental conditions. In particular, a number of 16S rRNA gene
clones of oceanic sulfate-reducing bacteria within the Deltapro-
teobacteria predominated at the oceanic anoxic event (OAE) layer
of the Cretaceous black shale, but the number of clones of sulfate-
reducing bacteria dramatically diminished in the sediment layers
above and below the OAE layer. Instead, extant deep-sea genera pre-
dominated in these layers, including some psychrophilic and
piezophilic members. Based on this correlation, the authors pro-
posed the idea of "fossil DNA". The detected DNA sequences were
inferred to represent the relics of fossil microbial communities, not
the modern microorganisms living within the black shale.

If proved to be genuine, this discovery has significant implica-
tions for the following three reasons:

1. Fossil DNA in black shales can be used to understand microbial
community structure, growth habitats, and their roles in global
elemental cycling during the Cretaceous.

2. Because of global distribution of black shales and the abundant
information that they contain, fossil DNA within these rocks can
be used to reconstruct global environments during the Creta-
ceous.

3. Fossil DNA provides an effective means to study biological evo-
lution. Evolution of various processes throughout geological
time, such as elemental cycling, chemical composition of the
oceans, the atmosphere, and the crust, diversification of metabo-
lism, and origins of multicellular organisms, is all intimately cor-
related with microbial evolution.

Despite the fact that the concept "Paleome" is supported by
strong evidence, it is faced with many challenges and issues. The
most important issue to be addressed is whether or not DNA can be
preserved for such a long time (~100 Ma). Although previous stud-
ies have shown that dormant bacteria and archaea have been detected
or cultivated within fluid inclusions of ancient halite crystals as old
as 250 Ma (Vreeland et al., 2000; Fish et al., 2002; Kminek et al.,
2003), Inagaki et al. (2005) were the first to detect DNA in ancient,
low-salinity black shales. In natural environments, aqueous solution,
oxidizing environment, and radiation can all damage isolated DNA
(outside living microbes) (Lindahl, 1993; Kminek et al., 2003). Lab-
oratory experiments have shown that under conditions of water
availability and moderate temperature, DNA can not be preserved
for more than a few thousand years (Lindahl, 1993). Similar to this
result, in lake sediments of up to 11,000 years, the DNA abundance
of phototrophic microorganisms decreases by six orders of magni-
tude (Coolen and Overmann, 1998). However, DNA preservation is
favorable under low-temperature and high-salinity conditions, espe-
cially under conditions of dry, anoxic, and clay-rich environments.
Recent studies have shown that clay minerals can stabilize adsorbed
DNA molecules (Ciaravella et al., 2004; Scappini et al., 2004). Inagaki
et al. (2005) believe that the relatively dry, anoxic and clay-rich envi-
ronments within their black shale are favorable factors for preserving
ancient DNA molecules for as long as 100 Ma (Cretaceous).

In addition to the issue of DNA preservation, many other issues
remain: 1) Does the age of the black shale represent the detected
microorganisms? 2) When did the microorganisms enter the black
shale to become isolated from the outside world? 3) When did the
detected microorganisms stop metabolic activity and become fos-
sils? Available evidence suggests that metabolic activity can exist
long after sedimentation, ranging from hundreds of thousands of
years to millions of years (Parkes et al., 1994; D'Hondt et al., 2004).
Thus, ancient rocks may not necessarily contain ancient DNA. If not
all microorganisms stopped metabolic activity and became pre-
served when the rock formed, but a small fraction of the population
remained active, then the preserved (and detected) DNA does not
represent the microbial community at the time of rock formation,
and cannot be used to infer the paleoenvironmental conditions.
These issues are important for the study of microbial evolution in a
geological context, but they were not addressed in that particular
study (Inagaki et al., 2005). Lack of archaeal DNA in the black shale
(Inagaki et al., 2005) is another important issue to be resolved,
because in general, archaea should be abundant in marine environ-

ments (Kuypers et al., 2001; Kuypers et al., 2002; Sinninghe Damsté

and Coolen, 2006).

In 2006, Sinninghe and Coolen (2006) published a comment
paper and pointed out a few weaknesses in the original Inagaki et al.
paper (2005). The main criticisms are reflected in three aspects:

1. The Inagaki et al. (2005) study lacks biomarker work. Lipid bio-
markers can be specific to microbial functional groups, and these
compounds can be preserved in rocks longer than DNA molecules.
A few studies (Kuypers et al., 2001; Kuypers et al., 2002; Tsikos et
al., 2004) have detected archaeal lipid biomarkers in similar black
shales to those studied by Inagaki et al. (2005), which is inconsis-
tent with the lack of fossil archaecal DNA as reported by Inagaki et
al. (2005). This inconsistency raises the possibility of DNA conta-
mination in the Inagaki et al. study (Sinninghe Damsté and Coolen,
2006). However, archaeal DNA may be degraded more easily than
bacterial DNA (Inagaki and Nealson, 2006), as evidenced in mod-
ern sediments (MacGregor et al., 1997; MacGregor et al., 2001).
Thus, this issue remains to be resolved.

2. Sinninghe Damste and Coolen (2006) believe that the molecular
clock rate of the rRNA gene in diatoms is 1% per 14 million years
(Damste et al., 2004). With this molecular clock rate, it is
expected that fossil DNA sequences of 112 million years should
be 8% different from those of modern organisms. The DNA
sequences detected by Inagaki et al. (2005) are closely related to
those of modern organisms. However, the molecular clock rate is
not well determined and this inference may not be quantitative.

3. If the sulfate-reducing bacteria are related to methane emissions
in deep-sea cold seeps, then the 8!3C of lipid compounds should
be very negative, because the lipid compounds should have been
derived from biogenic methane (8'3C=-80%) (Sinninghe
Damsté and Coolen, 2006). However, Inagaki et al. (2005) did
not measure carbon isotopes of lipid compounds.

The debate over the concept "Paleome" will likely continue in
the foreseeable future. The only way to validate this concept is
through further testing. Fortunately, more opportunities have
become available for such tests. For example, the Songliao Basin in
Northeastern China hosts a terrestrial record of Cretaceous black
shales as thick as 5,000 m (Chen, 1987; Chen and Chang, 1994). One
unique feature in this location is the alternation of black and red
beds, presumably reflecting alternating reducing and oxidizing con-
ditions during the Cretaceous (Wang et al., 2005). These rock for-
mations have not been heated to more than 100°C, and they are ideal
for microbiological work. Furthermore, abundant information on the
paleoclimate, paleogeography, and paleoenvironment is available,
based on which microbial data can be interpreted.

Ocean research

Oceans cover more than two-thirds of the Earth's surface and they
are full of life. Geomicrobiological processes in the global oceans
have received increased interest in the last decade, as exemplified by
many excellent research papers and books (Wilcock et al., 2004;
Edwards et al., 2005b; Teske, 2006). Considering the rapid pace of
the recent developments in this area, it is nearly impossible to write
a comprehensive review. Below we lightly touch on five aspects:
biomass abundance, diversity, some important metabolic functions,
carbon sources, and microbial effects on geological processes. We
discuss these aspects in three representative environments of oceans:
"normal" deep-sea sediments, gas hydrate deposits, and hydrother-
mal vents.

Biomass abundance and distribution.

Microbial biomass generally decreases with increasing depth in
deep-sea sediments, from 1.4—4x10%cm? at the surface sediment to
2.76x10%/cm? at the average ocean sediment depth (500 m) (Parkes
et al., 2000). Prokaryotic populations have been detected in sedi-
ments as deep as 800 meters below the seafloor (mbsf) by both intact
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cells and intact membrane lipids. The total prokaryotic biomass in
marine subsurface has been estimated to be 50-80% of Earth's total
prokaryotic biomass (4-6x1030 cells) (Whitman et al., 1998). The
living prokaryotic biomass is estimated at 1.3x102° cells, at about
10% of the total prokaryotic biomass (Schippers et al., 2005). Bacte-
rial populations and activity can increase near geochemical hotspots
in deeper sediment layers, such as brine incursion or the presence of
thermogenic methane (Parkes et al., 2000). Temperature, age and
porosity appear to be three factors responsible for decreased biomass
with sediment depth. Ancient sediments contain less biodegradable
organic matter and are less likely to support microbial growth. One
exception is gas hydrate deposits in deep sediments, where low mol-
ecular weight and fatty acids are produced by thermogenic and bio-
genic processes. In such settings, high biomass is likely to exist.

Microbial diversity

The known diversity on Earth includes approximately 6,000
species of prokaryotes (http://'www.bacterio.cict.fr/number.html),
based on cultivated species (Pedros-Alio, 2006). The unknown
diversity is currently being explored by using molecular microbiol-
ogy techniques. Estimated bacterial diversity in the sea was a few
thousand taxa (Hagstrom et al., 2002), but more recently, approxi-
mately 360 new bacterial taxa per year are being submitted to Gen-
Bank, reaching a total diversity of 1,000 to 10,000 taxa (Pommier et
al., 2005). Because of the insufficient nature of clone-library-based
estimates of microbial diversity, the actual diversity is probably
much larger, probably on the order of 10° to 10° bacterial taxa.

Microbial communities of deep marine sediments harbor mem-
bers of distinct, uncultured archaeal and bacterial lineages (Teske,
2006). There are nine groups of the Archaea, as reviewed by Teske
(2006). Among these, the Marine Benthic Group B Archaea (MBG-
B) show a cosmopolitan occurrence pattern in a wide spectrum of
marine sediments, surficial as well as subsurface, and normal marine
sediments as well as hydrothermal vents. The second major group is
Marine Group I, which is abundant in both water column and sub-
surface sediments. Recent evidence shows that this group may be
facultatively autotrophic or show broad metabolic diversity. An
autotrophic aerobic ammonia oxidizer belongs to this group (Kon-
neke et al., 2005). Unlike MBG-B and MGI, Archaea of the Marine
Benthic Groups A and D are not abundant in deep-sea sediments. A
few other groups occur in both marine and terrestrial subsurfaces,
such as the MCG (Miscellaneous Crenarchaeotal Group), the SAG-
MEG (South African Goldmine Euryarchaeotal Group), and the
TMEG (Terrestrial Miscellaneous Euryarchaeotal Group). Inagaki et
al. (2006) reported the dominance of a deep-sea archaeal group
(DSAG) in gas hydrate-bearing sediments, which appears to be
absent in the gas hydrate-free sediments. The Proteobacteria, the
candidate division JS-1 (Webster et al., 2004), and the Chloroflexi
division are three groups of the domain Bacteria identified in normal
marine sediments by molecular methods. Cultivation yields a some-
what different picture: the Firmicutes (specifically Bacillus and
Thermosediminibacter) and the Actinobacteria, a range of
Alphaproteobacteria (Rhizobium radiobacter) and Gammapro-
teobacteria (genera Photobacterium, Vibrio, Shewanella, and
Halomonas), and a novel member of the Bacteroidetes phylum are
commonly recovered (Teske, 2006).

In contrast to normal marine sediments, thermophilic and
hyperthermophilic archaea and bacteria dominate deep-sea hydro-
thermal environments (Miroshnichenko and Bonch-Osmolovskaya,
2006). Archaea are represented by thermophilic, lithotrophic
methanogens (Methanococcales and Methanopyrales); hyperther-
mophilic sulfate- and thiosulfate-reducing Archaeoglobales; hyper-
thermophilic, lithoautotrophic Pyrolobus fumarii; and thermophilic,
organotrophic Thermococcales, Pyrodictium, and Staphylothermus.
Recently, a few novel isolates have been obtained, including hyper-
thermophilic, lithotrophic, sulfur-respiring Ignicoccus pacificus of
the family Desulfurococcaceae of the Crenarchaeota kingdom:;
hyperthermophilic, ferric iron reducing Geoglobus ahangari and
Geogemma barossii; hyperthermophilic methanogens of the genera
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Methanothermococcus, Methanocaldococcus, and Methanotorris;
and hyperthermophilic organotrophic species within the order Ther-
mococcales. Molecular surveys and cultivations have revealed the
following bacterial diversity: the order Aquificales; the subclass
Epsilonproteobacteria; the order Thermotogales; the families Ther-
modesulfobacteriaceae, Deferribacteraceae, and Thermaceae; the
family Geobacteraceae; Firmicutes; and a novel phylum repre-
sented by the genus Caldithrix. Most isolates within these orders and
families are obligate or facultative lithotrophs, oxidizing molecular
hydrogen in the course of different types of anaerobic respiration or
microaerobic growth (Miroshnichenko and Bonch-Osmolovskaya,
2006).

Metabolic functions

Large sulfate and methane gradients are typically observed in
marine subsurface sediments (D'Hondt et al., 2002; 2004) and are
usually assumed to have been caused by vertically stratified sulfate
reducers and methanogens. Sulfate-reducers are expected to domi-
nate in the sulfate-containing upper sediment layers; methanogenic
Archaea are expected in the methane-rich deeper sediment layers;
and sulfate-dependent, methanotrophic consortia analogous to those
found at gas hydrate deposits and hydrothermal sediments (Hinrichs
et al., 1999; Boetius et al., 2000; Orphan et al., 2001; Hinrichs and
Boetius, 2002; Michaelis et al., 2002; Teske et al., 2002; Teske et al.,
2003) are expected to dominate the sulfate-methane transition zone.
However, functional gene surveys do not detect abundant dissimila-
tory sulfate reductase (dsrAB) and methyl-coenzyme M reductase
(mcrA). One possible explanation is that sulfate reducers and
methanogens may be minor components in the overall community.
Low rates of methanogenesis and sulfate reduction may be sufficient
to maintain the observed sulfate and methane profiles (D'Hondt et
al., 2004), or some uncultivated prokaryotes may be sulfate-reducers
and methanogens (Teske, 2006).

Knowledge of metabolic functions in hydrothermal sediments
is limited, largely because of the difficulty of obtaining isolates in
this environment. Among the Archaea, three main functions have
been identified: reduction of elemental sulfur with oxidation of H»
(by Ignicoccus pacificus), iron reduction, and methanogenesis
(Miroshnichenko and Bonch-Osmolovskaya, 2006). Among the
Bacteria, identified metabolic functions include organotrophy (ther-
mophilic and piezophilic representatives within the order Thermoto-
gales, representatives within the family Thermaceae and Firmicutes)
(Reysenbach, 2001a); lithoautotrophy [i.e., Aquificales using Hp, S°,
Sy or S,032 as energy sources and Oz, NO3", or SO as electron
acceptors (Reysenbach, 2001b); representatives of the subgroup A
of the Epsilonproteobacterial; sulfate-reduction (representatives
within the Thermodesulfobacteriaceae family); iron reduction
(within the order Deferribacterales and the family Geobacteraceae
within the subclass Deltaproteobacteria); and Hp oxidation coupled
with reduction of elemental sulfur and nitrate (representatives of the
Epsilonproteobacteria).

In gas hydrate deposits, the main metabolic functions are sul-
fate reduction coupled with oxidation of methane and/or hydrocar-
bons (Valentine and Reeburgh, 2000; Orphan et al., 2001; Thomsen
et al., 2001; Nauhaus et al., 2002; Teske et al., 2003; Orcutt et al.,
2004). Methane is either microbial or abiotic in origin, and it
migrates upward from deep sediments, where it meets sulfate that
diffuses downward from seawater. When methane and sulfate meets
at the transition, steep gradients of methane and sulfate develop,
where sulfate-reducing bacteria and methane oxidizing archaea work
together to form a coupled reaction (Valentine and Reeburgh, 2000).
A few studies have shown that the rate of sulfate reduction generally
exceeds the rate of anaerobic oxidation of methane and the two pro-
cesses are loosely coupled, suggesting that the majority of sulfate
reduction is likely fueled by the oxidation of other organic matter
(Formolo et al., 2004; Joye et al., 2004). Increased alkalinity from
oxidation of methane and other organic matter results in formation of
authigenic carbonates (Moore et al., 2004; Sassen et al., 2004).
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Carbon sources fuelling marine subsurface
microorganisms

On the Earth's surface (both terrestrial and ocean surfaces),
within the water column, and in marine sediments, essentially all life
forms rely either directly or indirectly on the energy supplied by the
sun and incorporated into biomass by photosynthetic organisms. In
the marine subsurface, microorganisms essentially depend on "dark
energy", reduced chemical species (including H») derived from the
oceanic crust, as a main energy source. Using chemical energy,
lithioautotrophic organisms are alive and well (Teske, 2005). Using
catalysed reporter deposition-fluorescence in-situ hybridization
(CARD-FISH), Schippers et al. (2005) identified that a fraction of
the sub-seafloor prokaryotes (~4%) is alive, even in very old (10 mil-
lion yr) and deep (>400 m) sediments. All detectable living cells
belong to the Bacteria and have turnover times of 0.25-22 yr, com-
parable to surface sediments. This raises a question of energy source
in the deep subsurface. Unlike organic-rich continental shelf sedi-
ments and gas hydrate deposits, carbon sources in deep-sea sedi-
ments are usually limited. For lithoautotrophic organisms, carbon
sources are abundant, in the form of CO, CO,, and CH4. For het-
erotrophic organisms, organic matter is scarce in deep-sea sediments
and it is not clear what possible organic carbon substrate there is.
While it is known that fluids from 3.5-Ma oceanic crust are capable
of supporting microbial growth (Cowen et al., 2003), including
nitrate reducers, thermophilic sulfate reducers and thermophilic fer-
mentative heterotrophs, whether or not abiotically produced carbon
substrates can be used by microbes was not demonstrated until
recently. Horsfield et al. (2006) demonstrated that abiotically driven
degradation products of buried marine sedimentary organic matter
can provide substrates for microbial activity in deep sediments at
convergent continental margins and possibly in other deep-sea sedi-
mentary environments as well. This study is highly significant in
showing that refractory organic matter can be an important source of
carbon for marine subsurface microorganisms.

Microbial impacts on geological processes

Microorganisms at and beneath the ocean floor play an impor-
tant role in rock/glass alteration (Fisk et al., 1998; Furnes and Staudi-
gel, 1999; Staudigel et al., 2006), chemical and isotopic exchange
between the oceanic crust and the sea water (Furnes et al., 2001), and
biogeochemical cycles of C, Fe, S and other elements (Fisk et al.,
1998; Edwards et al., 2005b). The prominent role in subseafloor
basalt weathering has been demonstrated in both laboratory culture
study (Edwards et al., 2003b) and in-situ incubation experiments
(Edwards et al., 2003a). In these studies, Fe- and Mn-oxidizing
lithoautotrophs obtained from deep-sea environments have been
demonstrated to be capable of growth on basalt glass as the sole
source of energy, and they are found to enhance the rate of basalt dis-
solution by up to an order of magnitude (Edwards et al., 2004; Tem-
pleton et al., 2005). In these processes, they derive energy from oxi-
dation of sulfides, methane, ferrous iron and manganese, and Hp,
reduction of ferric iron, sulfate, and CO», and respiration and fer-
mentation of organic matter.

Some unique textures result when microorganisms weather
oceanic glass/basaltic glass, such as tubular structures (Thorseth et
al., 1995; Fisk et al., 1998). These textures are typically accompa-
nied by characteristic enrichments of certain elements and depletion
of others, as well as isotopes (Thorseth et al., 1995; Furnes et al.,
2001; Banerjee et al., 2006). Together, these features have been used
as biosignatures to determine biogenicity of ancient rock records on
the early Earth and on Mars. However, caution must be exercised in
interpretation of the importance of this textural and geochemical evi-
dence, unless other supporting evidence, such as lipid biomarkers, is
presented.
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