Chapter 6
Microbiology of the Deep Continental
Biosphere

Thomas L. Kieft

Abstract Subsurface microbial communities in sediment and fractured rock envi-
ronments beneath continental surface environments and beneath the ocean floor
comprise a significant but largely unexplored portion of the Earth’s biosphere. The
continental subsurface is highly geologically varied, and so the abundance, diver-
sity, and metabolic functions of its inhabitant microbes are even more widely
ranging than those of marine systems. Microbial ecosystems in relatively shallow
groundwater systems are largely fueled by organic carbon derived from photosyn-
thesis, whereas deeper groundwater ecosystems are fueled by molecular hydrogen,
methane, and short-chain hydrocarbons (“geogas”), produced by abiotic water—
rock interactions, e.g., serpentinization and radiolysis of water. The abundances of
microbes generally decline with depth, with deep fracture waters containing ~10°—
10* cells ml~'; many of these microbes are metabolically active, albeit at very slow
rates The depth limit of the biosphere may be controlled by a combination of
temperature and other factors such as energy availability and pressure. Diverse
bacteria and archaea appear to be adapted for life under the extremes posed by
subterranean conditions. Further research is needed to explore a wider range of
subsurface continental geologic settings, to constrain the rates of microbial metab-
olism, and to understand mechanisms of evolution in the subsurface.

6.1 Introduction

This chapter focuses on our current understanding of and major outstanding
research questions regarding indigenous microorganisms in deep groundwater
environments underlying the Earth’s continents. Together with marine sediments
and crust, these habitats are termed the “subsurface.” In the deep relatively inac-
cessible regions that harbor life, they can be termed the “deep biosphere” or even
“dark life.” The study of deep subsurface habitats and their inhabitant microbes is
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relatively young, but has matured such that we no longer present it in terms of novel
glimpses of a shadowy world; the mass of accumulated data has made it easier to
defend the findings of microbes as not merely contaminant artifacts but as truly
indigenous microbes functioning in active subsurface ecosystems (Fredrickson and
Balkwill 2006). The existence of the deep biosphere is now well entrenched in the
textbooks (e.g., Madigan et al. 2013). Indeed, the portion of the biosphere com-
prising subsurface continental as well as marine environments is now recognized as
containing a significant proportion of the Earth’s microbial cells, possibly even the
majority (Whitman et al. 1998; Kallmeyer et al. 2012; Rgy et al. 2012). Early
studies, primarily in the vicinities of petroleum reservoirs beginning in the 1920s
(Bastin et al. 1926), set the stage for concerted programs, e.g., by the
U.S. Environmental Protection Agency and the U.S. Department of Energy in the
1980s, which probed subsurface aquifers, at first to only a few meters (Wilson
et al. 1983), but then followed by increasingly deep drilling to depths approaching
3 km (Onstott et al. 1998). In addition to drilling from the surface as a means of
accessing the deep biosphere, microbiologists began descending into deep mines to
sample groundwater via boreholes drilled from within the mines and extending
outward into pristine, often ancient groundwater (Kieft et al. 1999; Onstott
et al. 2003). Both of these approaches are now widely used and are unearthing
new discoveries on a regular basis. There is now a history of reviews on the topic
(e.g., Fredrickson and Onstott 1996; Amy and Haldeman 1997; Chapelle 2000;
Pedersen 2000; Amend and Teske 2005; Onstott et al. 2009; Colwell and D’Hondt
2013), which serve as a background for this chapter. While there are many practical
motivations for studying subsurface microbiology (e.g., understanding contaminant
fate and transport, developing hazardous waste repositories, etc.), this review
focuses on recent findings and prospects in the basic science of mostly
uncontaminated continental subsurface environments.

Much of our current understanding of the microbiology of groundwater was
succinctly summarized by T.C. Onstott in a diagram created for the National
Science Foundation’s EarthLab report (NSF 2003) (Fig. 6.1). Energy sources in
shallow subsurface environs are seen to be primarily photosynthetically generated
organic carbon that can occur as detritus buried in sediments and as organic matter
transported via diffusion and advection in groundwater to depth. The quantity and
quality of this organic carbon available for microbial metabolism decline with
depth, and so the abundance of the dominantly heterotrophic bacteria in these
aquifers also declines with depth. The general patterns of abundance and biogeo-
chemical activities of microbes in these relatively shallow aquifers were reasonably
well characterized 20 years ago; regional groundwater flow results in a predictable
sequence of terminal electron-accepting processes along a flow path, from aerobic
metabolism near the recharge zone to anaerobic processes such as methanogenesis
in the most distal regions (Murphy et al. 1992; Lovley et al. 1994) (Fig. 6.2). Also,
microbial metabolism of buried organic matter in fine-textured aquitards results in
diffusion of fermentation products to adjacent sandy aquifers, where they serve as
electron donors stimulating microbial activities at boundaries between layers. Rates
of activity generally decline as one proceeds from surface environments to more
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Fig. 6.1 Overview of subsurface continental environments. Microbial abundance in pore water
generally declines with depth, from shallow aquifers to underlying fractured rock environments.
The quantity and quality of photosynthetically derived organic C decline with depth, and the
importance of “geogas” energy sources (e.g., Hy, CHy) generally increases with depth. Temper-
ature increases with depth according to the local geothermal gradient; pressure increases with
depth (~10 MPa/km). (modified from EarthLab, National Science Foundation 2003)

static subsurface systems (Phelps et al. 1994; Kieft and Phelps 1997) (Fig. 6.3).
Proceeding further into the subsurface (Fig. 6.1), one encounters the bedrock
underlying surface sediments and the porosity generally diminishes with depth, as
well. As the availability of photosynthate declines with depth, microbial abundance
declines, and H, generated abiotically through water—rock interactions, termed
“geogas” by Pedersen (1997), is the dominant energy source in the deepest regions
of the biosphere (Fig. 6.4). Some of the most exciting current work in the subsur-
face, both continental and marine, involves determining the rates and extent of
these H,-fueled ecosystems and characterizing the communities therein.

Although the field has matured, there are still many outstanding research ques-
tions. Broad research questions include the following, as organized by an
U.S. National Science Foundation-sponsored group (Fredrickson et al. 2006):

* How deeply does life extend into the Earth?

* What fuels the deep biosphere?

* How does the interplay between biology and geology shape the subsurface?
*  What are subsurface genomes telling us?

¢ Did life on the earth’s surface originate underground?

» Is there life in the subsurface as we don’t know it?

More specific questions that are being or should be addressed include:

* What is the physiological state of subsurface microbes, i.e., are they slowly
metabolizing, “healthy” cells that are well adapted to the rigors of subsurface
life, or are they ill-adapted, moribund cells in slow decline?
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Fig. 6.2 Idealized sequence of terminal electron-accepting processes occurring along a flow path
over tens of km in a confined aquifer. Buried organic carbon in confining aquitards is slowly
degraded and fermentation end products diffuse into the aquifer, creating zones of high microbial
activity at the aquitard—aquifer interfaces. (After Smith and Harris 2007)
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Fig. 6.3 Ranges of rates of in situ CO, production for various environments. Subsurface rates
were estimated from groundwater chemical analyses and geochemical modeling. (After Kieft and
Phelps 1997)
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Fig. 6.4 Abiotic subsurface processes that generate H,, CHy, and CO, (“geogas”) and example
subsurface lithoautotrophic ecosystems (“SLiMEs”) that are fueled by geogas

* By what means and at what rates are microbes transported to the subsurface and
within subsurface environments?

* What’s the role of lateral gene transfer among subsurface populations?

¢ How do the planktonic cells sampled from the bulk water phase differ from
sessile, biofilm communities?

e What are the interactions within subsurface microbial communities?

6.2 Comparison of Deep Continental and Marine
Biospheres

While continental and marine subsurface environments have much in common
(dark anaerobic ecosystems, slow metabolic rates, heterotrophic metabolism of
buried and transported organic C, and evidence for chemolithoautotrophic ecosys-
tems), the study of the two has remained largely separate (Colwell and Smith 2004).
We now know a great deal about the marine deep biosphere—both deep hot (vent
related) subsurface marine systems (Huber et al. 2007; Kelley et al. 2005; Wang
et al. 2009) and not so hot subseafloor sediments (D’Hondt et al. 2004; Kallmeyer
et al. 2012). However, the vent and vent-related systems are essentially localized,
hot, chemoautotrophic systems and the sediments are vast, cold heterotrophic
systems functioning on old, buried photosynthate. The deep continental biosphere
in contrast contains what could be termed “cool” chemoautotrophic ecosystems,
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cool in the geochemical context meaning anything <100 °C. The rock—water
interactions that fuel these subsurface ecosystems are not dependent upon localized
magmatic input, e.g., spreading centers, volcanic activity, or hot spots, but instead
are influenced by regional, topographically driven fluid flow, e.g., in the cases of the
elevated plateau containing the Witwatersrand Basin in South Africa (Gihring
et al. 2006; Onstott et al. 2006), the “cooler,” low elevation subsurface in granitic
aquifers of the Fennoscandian Precambrian shield (Pedersen 1997, 2000; Itavaara
et al. 2011), and Columbia River basaltic aquifers (Stevens and McKinley 1995,
2000).

6.3 Methods for Sampling the Subsurface

The deep biosphere is challenging to access, generally requiring drilling, either
from the surface or from a preexisting subsurface site, e.g., in deep mines. Drilling
is inherently messy, usually involving drilling fluids with potential for chemical and
microbiological contamination. Techniques for minimizing contamination and for
tracing and quantifying contaminant fluids and particulates were devised during the
U.S. Department of Energy’s Subsurface Science Program (Phelps et al. 1989;
Colwell et al. 1992; Russell et al. 1992), and these have been adapted for use
elsewhere, including the Integrated Ocean Drilling Program (Smith et al. 2000).
Subsurface sampling approaches have been reviewed by Moser et al. (2001), Kieft
et al. (2007), and Kieft (2010).

Drilling and coring to depths greater than ~300 m require rotary drilling using a
drilling fluid, either liquid or gas, to lubricate and cool the drill bit and to remove the
cuttings. These fluids can be problematic, especially when drilling muds with
organic additives are used, because they favor the growth of contaminating
microbes. Air or an inert gas, e.g., Ar, can be used and these can be filtered,
although this requires a massive filter (Colwell et al. 1992). Water can be used,
but denser fluids are generally required for very deep drilling. If possible, organic
additives and petroleum-based lubricants should be avoided. Online gas analyses of
the drilling fluid are commonly used in the oil and gas industry and can be
employed in scientific drilling to identify biologically active zones (Erzinger
et al. 2006). When cores are to be used for microbiological analyses, the usual
approach is to deploy solute and particulate tracers. Solute tracers added to the
drilling fluid include fluorescent dyes, LiBr, and perfluorinated hydrocarbons. The
latter can be quantified over a broad concentration range by gas chromatography.
Particulate tracers include microbe-sized (0.5 or 1.0 pm diameter) fluorescent
microbeads that are carboxylated to mimic the negative surface charge on most
bacteria. These are added in a plastic bag at the bottom of the core barrel such that
the bag is broken on contact with the formation and the beads are mixed with fluid
that contacts the core. A subcore is removed from the interior of the core and tracers
are quantified in the parings from the core perimeter and in the subcore. Ideally, the
subcore should have >10,000-fold lower concentration of tracers than the parings.
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Microbial communities in the drilling fluid and in the subcore can also be compared
as a further test for drilling-induced contamination (Lehman et al. 1995; Dong
et al. 2014). Sidewall coring is another option for collecting solids (Colwell
et al. 1997; Dong et al. 2014), but the volume is very limited. Samples are known
to change their microbiological composition very shortly after collection, so they
should be processed as soon as possible (Brockman et al. 1998). Samples intended
for analysis of nucleic acids, proteins, lipids, etc., should be frozen immediately, if
possible. Samples intended for cultivation of microbes should be handled in a glove
bag containing an inert atmosphere to preserve oxygen-sensitive anaerobes.

Following drilling, boreholes can be sampled for groundwater as long as the
borehole is flushed sufficiently to remove contaminating solutes and microbes in
the open borehole. Discrete depth intervals can be targeted using packers (Dong
et al. 2014). Multilevel samplers can sample from more than one depth interval. A
U-tube system (Freifeld 2009) can also be used for collecting from depth. Microbes
suspended in groundwater can be collected and concentrated onto filters (Moser
et al. 2005; Gihring et al. 2006). Wireline formation testers can monitor borehole
water chemistry and also sample water from central and outer portions of the rock
formation before coring (Dong et al. 2014). Devices can also be inserted into the
borehole for long-term monitoring and collection of samples and to enrich for
subsurface microbes (Orcutt et al. 2010, 2011: Silver et al. 2010).

Drilling from existing deep underground sites, e.g., from within mines, confers
the advantages of lower costs and also facilitates drilling to great depth without
having to begin with a wide diameter collar. This approach has enabled collection
of some of the deepest fluids so far collected from the subsurface (Moser et al. 2003,
2005; Kieft et al. 2005; Borgonie et al. 2011; Lippmann-Pipke et al. 2011b).
Boreholes, drilled into surrounding pristine rock, generally as part of mine opera-
tions, can intersect ancient fracture water that then flows from the borehole, flushing
drilling contaminants and carrying inhabitant microbes that can be collected by
filtration. Sterile packers connected to a manifold system can be used to transfer
water and gas samples for filters, sample vials, etc., without exposure to mine air
(Fig. 6.5). Unfortunately, mining interests rarely overlap with the interests of
geomicrobiologists, so opportunities for sampling in mines tend to be few and
short lived. For this reason, sampling and long-term monitoring and experimenta-
tion in dedicated underground laboratories are an attractive option (Pedersen 1997,
2000; Edwards et al. 2006; Onstott et al. 2009; Fukuda et al. 2010).

6.4 Microbial Abundance

One of the simplest questions to ask is “How many are there?” Shallow sedimentary
aquifers may harbor nearly 107 cells ml~' of groundwater (Sinclair and Ghiorse
1989), nearly all of these being prokaryotic (bacteria and archaea). Microbial
abundance generally declines with depth (Onstott et al. 1999; Itavaara
et al. 2011), and the abundance of cells in fracture water collected from deep



232 T.L. Kieft

membrane fiter for
capturing cells

evacualed

Vol ::hc;k:;:mes serum vial
borehole
==
SR SR SABTHINTY i basters
exclung gases

o
._‘

{borenole intersecing },
waer-filied fraclure

FE #{;.S;‘ § ventes, argon-filed serum
S R vial for chemslry
and biology

Fig. 6.5 Packer-manifold system for collecting deep fracture waters from boreholes drilled in
mines. The borehole intersects a fracture filled with pressurized fluid. The flowing fracture water
flushes the borehole of contaminants. The sterilized packer and manifold allow collection of water
and gases without contamination from mine air. (Modified from Kieft et al. 2007, with permission
from ASM Press)

crystalline rock is markedly lower than in sedimentary aquifers. Abundance of
microbes in continental subsurface environments appears to decline more slowly
than in the pattern described by Parkes for marine sediments (Onstott et al. 1999;
Parkes et al. 1994). Flow cytometric counts of cells in deep fracture water collected
from boreholes at depths of ~2-3.5 km in mines from across the Witwatersrand
Basin in South Africa ranged from 2.5 x 10% to 5.9 x 10* cells ml~" (Onstott
et al. 2006). A more recent paper reports 9.0 x 10" to 2.2 x 10° cells ml~" in
fracture water at 1.8 km depth (Davidson et al. 2011). Pedersen (1997) reported
1.2 x 10% t0 9.2 x 10* bacteria ml ™" in granitic fracture water at 450 m depth in the
Aspé Hard Rock Lab in Sweden. Itavaara et al. (2011) published cell numbers
declining from ~4.6 x 10° at 100 m depth to ~6 x 10* at 1500 m in crystalline rock
aquifers in Finland. Fukuda et al. (2010) counted 1.1 x 10* to 5.2 x 10* cells ml~"
in ~1.1-km depth fracture water accessed in the Mizunami Underground Research
Laboratory in Japan. These low numbers of subsurface microbes reflect the sluggish
energy fluxes and possibly other limiting factors, and they make further microbial
characterization especially challenging.
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6.5 What Controls the Depth Limit of the Biosphere?

The deepest limit of the continental biosphere has yet to be clearly delineated at any
site and so the factors that control that lower depth limit are not well understood.
Temperature is the least forgiving of environmental parameters and therefore a first
approximation of the deepest extent of the biosphere can be set at the ~121 °C
isotherm. Reports have pushed the upper temperature for microbial proliferation to
121 °C (Kashefi and Lovley 2003) and even 122 °C when combined with elevated
pressure (Takai et al. 2008), and the record may even be broken again, but most
investigators would likely agree that it won’t be by much. Combining this upper
temperature limit for life with geothermal gradients that range from ~8 to 30 °C/km,
one can estimate the deep limit of life to range from 2 to 12 km below land surface
(kmbls) for mean surface temperatures from 0 to 25 °C. The Witwatersrand Basin
of South Affrica is a stable cratonic region where the geothermal gradient is low at
8-10 °C km~' (Omar et al. 2003), so the biosphere could theoretically exceed
10 km, more than twice as deep and hot as has been probed thus far. A hole drilled
in the Songliao Basin in China and cored for microbiological analysis may actually
have probed beyond the lower limit of the biosphere (Dong 2009). A sharp drop in
microbial biosignatures at a depth corresponding to ~120 °C supports temperature
as the ultimate arbiter of microbial distribution. However, evidence from other sites
suggests that factors besides temperature may also be at work; these include
pressure, availability of pore space, energy flux, and inorganic nutrient availability.

Patterns of biodegradation of petroleum hydrocarbons with depth and tempera-
ture within reservoirs have been invoked to suggest an upper limit for microbial
activities of ~80 °C (Wilhelms et al. 2001; Head et al. 2003). Petroleum reservoirs
commonly harbor indigenous microbes, and in fact, the first cultivation of subsur-
face microbes, in this case, sulfate reducers, was from a petroleum reservoir (Bastin
et al. 1926). Evidence of petroleum biodegradation includes absence of low-
molecular-weight constituents and a preponderance of heavy oil, concentration of
metals such as Va and Ni, accumulation of biogenic methane, and accumulation of
isotopically heavy CO,; these signatures of biological degradation are common in
reservoirs where the temperature is below 80 °C, but appear not to occur at warmer
temperatures. Head et al. (2003) attribute the lack of biodegradation at elevated
temperatures to such factors as low fluxes of electron acceptors and inorganic
nutrients and concomitant rates of metabolism that are so slow as to be unable to
keep pace with the thermal breakdown of cellular constituents. Indeed, the currently
described bacteria and archaea functioning at temperatures exceeding 80 °C are all
from thermal springs and deep sea hydrothermal vents, where high concentrations
of readily metabolized substrates (e.g., H,, H,S) interface with favorable electron
acceptors, e.g., O,. Slow energy fluxes are likely the rule in deep subsurface
habitats other than petroleum reservoirs, as well, especially those in which electron
donor generation is exclusively via rock—water interactions. The maintenance
demands of life at temperatures exceeding 80 °C may simply be too great for the
“slow-lane” lifestyle of subsurface microbes.
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Onstott et al. (2014) reported that the combination of energy limitation and high
temperature can limit microbes in subsurface environments due to the racemization
of amino acids, specifically aspartate. Amino acids spontaneously racemize at
higher rates with increasing temperature and aspartate racemizes more rapidly
than other amino acids. This racemization requires replacement of proteins,
which may demand more energy than is available in most subsurface environments
with elevated temperature. Protein turnover times, estimated from amino acid D/L
ratios, were found to be shorter in deep groundwater than expected: ~27 years at
1 km depth and 27 °C and 1-2 years at 3 km and 54 °C in the Witwatersrand Basin,
South Africa. Amino acid racemization may be a factor explaining the ~80-90 °C
limit to petroleum biodegradation in deep, hot petroleum reservoirs (Wilhelms
et al. 2001; Head et al. 2003).

Although the pressures at depth in the continental subsurface are less than those
in the deepest regions of the marine environment, they may nonetheless influence
microbial activities. For example, the combined effect of hydrostatic and geostatic
pressures at 3 kmbls where studies have been focused in South Africa can be
estimated at ~30 Mpa, which is nowhere near the extreme pressures found in the
ocean’s deepest trenches, ~100 MPA. Nonetheless, these deep continental ground-
water pressures may be sufficient to negatively impact growth rates, especially
when combined with elevated temperature. Alternatively, in situ pressures may
select for piezophilic, continental fracture water microbes, as has been shown for
deep marine habitats (Bartlett. 2009). If obligate barophiles exist, then our current
efforts at cultivation are missing them, as collection and incubation under pressure
have so far not been conducted. There’s a definite need for such studies in deep
continental environs.

The effects of high pressure have been well studied in deep marine environments
(Yayanos 1995, 2001; DeLong et al. 1997; Lauro and Bartlett 2008; Nagata
et al. 2010); however, relatively little is known of the responses and adaptations
of deep terrestrial microorganisms to high temperature. To date, there have been no
published studies of the responses of deep subsurface terrestrial microorganisms to
high pressure. While many of the responses are likely similar to those of marine
microbes, the other in situ parameters associated with high pressure in the deep
terrestrial biosphere can be very different. Temperatures in the deep ocean are cold
(away from spreading centers), whereas the deep continental realm is warm
(Yayanos 1995; Nagata et al. 2010). Moreover, high pressure in the deep Earth
can be accompanied by very high partial pressures of various dissolved gases, e.g.,
H,, CH,. These can serve as energy sources, but may also affect metabolic
processes in other ways. Piezophilic marine microbes are now being better charac-
terized by high-throughput metagenomic and metatranscriptomic sequencing (Eloe
et al. 2011; Wu et al. 2013). Similar approaches that are ongoing with deep
continental groundwater samples may reveal similar or contrasting responses to
elevated pressure.

Although porosity generally declines with depth, water-filled fractures do exist
even at extreme depths (Stober and Bucher 2004), although the tortuosity of the
fluid phase may be so great as to preclude transport of microbes. Some fracture
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fluids may even be totally sequestered from the biosphere, with no opportunity for
colonization by microbes. In some cases, deep fractures may contain ancient water
that has been geohydrologically sequestered from other groundwater for millions of
years (Lippmann-Pipke et al. 2003), although these are bulk ages and mixing with
younger, paleometeoric water appears to be common. Microbes that persist in such
ancient, sequestered waters must either survive on endogenous energy reserves or
metabolize exogenous substrates that become biologically available in these envi-
ronments. A flux of exogenous, energy-rich substrates, even if sluggish or sporadic,
is required for truly long-term persistence.

6.6 Geogas and SLiMES

While the majority of subsurface ecosystems studied to date are powered by organic
carbon derived from photosynthesis at the surface, exciting studies have revealed
chemosynthetic ~ subterranean ecosystems (termed SLiMEs, subsurface
lithoautotrophic microbial ecosystems) that gain energy from geochemically gen-
erated inorganic energy sources, e.g., H, (Pedersen 1993, 1997; Stevens and
McKinley 1995; Chapelle et al. 2002; Nealson et al. 2005). Thomas Gold (1992)
first speculated on a vast subsurface, chemolithoautotrophically driven “deep, hot
biosphere,” and subsequent field studies have clearly demonstrated these ecosys-
tems in isolated locations such as the groundwater feeding Liddy hot springs in
Idaho (Chapelle et al. 2002), the Lost City vents in the Atlantic Ocean (Kelley
et al. 2005), and deep fracture waters in the Witwatersrand, South Africa (Lin
et al. 2006; Chivian et al. 2008). As these are generally anaerobic systems, they’re
totally independent of the products of photosynthesis, both O, and organic carbon,
unlike deep sea hydrothermal vent ecosystems. Abiotic rock—water interactions that
generate H, include serpentinization of ultramafic rocks (Schrenk et al. 2013),
oxidation of ferrous silicate minerals in basaltic aquifers (Stevens and McKinley
2000), and radiolysis of water in environments with significant radiation flux (Lin
et al. 2006). The H, in turn generates CH, and short-chain hydrocarbons via
Fischer—Tropsch type synthesis reactions (Sherwood Lollar et al. 2002, 2007).
Carbon monoxide is also commonly found in deep subsurface waters and is thought
to be geochemical in origin (Kieft et al. 2005; Gihring et al. 2006; Onstott
et al. 2006). Together, the H,, CH,, short-chain hydrocarbons, and CO (geogas)
make for relatively energetic anaerobic ecosystems that appear to be dominated by
a few species of prokaryotes, including methanogens and sulfate reducers. Consid-
ering the widespread occurrences of basaltic crust, serpentinizing low-silicate
ultramafic rocks, and sources of gamma irradiation in the subsurface, SLiMEs
may underlie large areas of the Earth, possibly approaching the ubiquity (but not
the extreme depth) posited by Gold (1992).

High concentrations of H, have been measured in Precambrian Shield ground-
waters in Canada, South Africa, and Finland, with values as high as 7.4 mM in the
Witwatersrand Basin (Sherwood Lollar et al. 2007). The question then arises as to
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how such high concentrations of an easily metabolized energy source can accumu-
late without being oxidized by microorganisms. These high concentrations are
found in the deepest, most saline fracture waters, with bulk water ages of millions
to tens of millions of years (Lippmann-Pipke et al. 2003). While limitation by
inorganic nutrients may curb microbial activity in some cases (Kieft et al. 2005),
Sherwood Lollar et al. (2007) suggested that ancient H,-rich saline waters are
hydrogeologically isolated and are released to mix with other waters only sporad-
ically, possibly due to widening of pore-throat diameters following tectonic shifts.
Lippmann-Pipke et al. (2011a) simultaneously monitored mining-induced seismic-
ity (blasting) and geogas concentrations, including H, and CHy, at 3.54 km depth in
TauTona mine in South Africa, and found that spikes in geogas concentrations
coincided with the daily blasting schedule in the mine. This finding has important
implications for the metabolism of geogas by SLiMEs in fractured rock.

6.7 Subsurface Biodiversity

Microbial communities in deep subsurface continental habitats can be diverse and
they vary with geochemical conditions (Gihring et al. 2006). Many of the microbes
detected in culture-independent surveys represent novel lineages (Takai
et al. 2001a; Gihring et al. 2006; Chivian et al. 2008; Sahl et al. 2008), many of
which appear to be unique to subsurface environs. Some of these are cosmopolitan
in their distribution, being detected as very similar small subunit rTRNA gene
sequences in water from boreholes that are widely separated geographically, even
on different continents. The Firmicute Candidatus Desulforudis audaxviator is a
case in point, having been detected in borehole waters from across the Witwaters-
rand Basin in South Africa (Moser et al. 2005; Lin et al. 2006; Chivian et al. 2008),
as well as in Finland (Itavaara et al. 2011), and beneath Death Valley in California
(Moser 2012). Other sequences have been detected in only a single borehole,
suggesting that these represent microbes that are uniquely adapted to conditions
at that site or that they’re part of the so-called “rare biosphere” (Sogin et al. 2006).
Surveys of microbial diversity in deep subsurface environs frequently reveal novel
taxa, including previously unknown microbial phyla and phyla with no known
cultivated representatives (Gihring et al. 2006; Chivian et al. 2008; Sahl
et al. 2008; Dong et al. 2014). In one case, a previously unknown prokaryotic cell
morphology, rod-shaped cells that are five-pointed and six-pointed stars in cross
section, was discovered in a deep platinum mine in South Africa (Wanger
et al. 2008). Clearly the deep continental biosphere is expanding our understanding
of biodiversity.

A general pattern of decreasing diversity with depth has been observed (Gihring
et al. 2006; Lin et al. 2012a). Explanations for the decreasing biodiversity include
the extreme physical-chemical conditions (alkaline pH, elevated temperature,
hydrostatic pressure), the limited number of available substrates, and the limited
opportunities for colonization by immigrant microbes (Gihring et al. 2006). The
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ultimate in low diversity may be found in the simple, one-species ecosystem
reported by Chivian for planktonic microbes collected from fracture water at
2.8 km depth in Mponeng gold mine in South Africa (Lin et al. 2006; Chivian
et al. 2008). The dominance (95 % of the community) of hydrogenotrophic
methanogens in the groundwater feeding Lidy Hot Springs in Idaho (Chapelle
et al. 2002) may be another example. In both of these cases, chemolithotrophs are
metabolizing H, generated by abiotic water—rock interactions, without the need for
fermentation or syntrophs.

Archaea are commonly detected in deep continental fracture waters (Takai
et al. 2001a; Moser et al. 2005; Gihring et al. 2006; Davidson et al. 2011; Nyssonen
et al. 2012). Takai et al. (2001a) detected novel groups of Euryarchaeota
(SAGMEG 1 and 2) and Crenarchacota SAGMCG 1 and 2). The Crenarchaeota
may be primarily drilling fluid contaminants, whereas the methanogenic
Euryarchaeota may be indigenous groundwater archaea (Gihring et al. 2006;
Davidson et al. 2011). So far, we have hints of anaerobic methane-oxidizing
archaea (ANME) in the deep continental surface (Gihring et al. 2006) in the form
of ANME-related 16S rDNA sequences, but they appear not to be dominant, and the
energetics of anaerobic methane oxidation coupled to sulfate reduction appears to
be overshadowed by other more favorable reactions (Moser et al. 2005; Kieft
et al. 2005).

Sequences representing diverse bacterial phyla have been detected in the sub-
surface, with Proteobacteria and Firmicutes often predominating (Gihring
et al. 2006; Moser et al. 2003; Itavaara et al. 2011). Alpha-, beta-, and gammapro-
teobacteria are commonly found. In some cases, these appear to comprise a greater
proportion of the community when water is first sampled from a borehole, but then
later diminish as the borehole community becomes dominated by indigenous
fracture water microbes (Sahl et al. 2008; Moser et al. 2003; Davidson
et al. 2011). In other cases, the Proteobacteria appear to truly dominate (Dong
et al. 2014). Sulfate-reducing bacteria of the deltaproteobacteria are also reported
(Onstott et al. 2003; Itavaara et al. 2011; Davidson et al. 2011; Nyssonen
et al. 2012). Proteobacteria may be more likely to dominate in shallower aquifers
(Itavaara et al. 2011; Lin et al. 2012a). Firmicute sequences frequently encountered
include sulfate-reducing, spore-forming genera, e.g., Cand. D. audaxviator and
Desulfotomaculum spp., as well as Thermoanaerobacter spp. (Gihring et al. 2006;
Davidson et al. 2011; Nyssonen et al. 2012; Aiillo et al. 2013).

The sulfate-reducing Firmicute Cand. D. audaxviator deserves special attention.
Culture-independent surveys of deep fracture water communities in the Witwaters-
rand Basin, South Africa, have repeatedly found closely related (>99 % homology)
16S rRNA sequences of a novel Firmicute with the most closely related cultured
organisms belonging to the genus Desulfotomacum (Baker et al. 2003; Moser
et al. 2003, 2005; Gihring et al. 2006). At 2.8 km depth in fracture water accessed
via a borehole in Mponeng mine, it was found to comprise >99 % of the community
of suspended cells. All evidence indicates that this organism can function as a
chemoautotrophic sulfate reducer in a simple ecosystem using radiolytically gen-
erated H, and sulfate chemically oxidized from pyrite by radiolytically generated
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oxygen species. Genomic sequencing revealed hygrogenase, a complete dissimila-
tory sulfate reduction pathway, and capability for fixing CO, via the Wood—
Ljungdahl pathway, thereby confirming its role in this simple ecosystem
(Fig. 6.6) (Chivian et al. 2008). Other features revealed in the genome include
genes for endospores, flagella, nitrogen fixation, and evidence for horizontal gene
transfer from other bacteria as well as archaea, and it was described as the new
candidate species D. audaxviator. Despite numerous attempts and knowledge of its
full genome, no one has successfully isolated a member of this species (however, a
related organism has now been grown in enrichment culture (Duane Moser, per-
sonal communication). Clearly, D. audaxviator is a highly successful organism,
adapted to a wide range of subsurface physical and geochemical conditions. As
described above, it’s been detected in groundwater from three continents, but so far
not detected in surface environments. A related sequence was found in deep marine
crustal fluid (Cowen et al. 2003). Its ubiquity in widely spaced, hydrogeologically
isolated, ancient fracture waters presents a biogeographical conundrum. Presum-
ably, the genomes of the widely flung versions of this organism vary to a greater
degree than is evident in their 16S rRNA genes. This hypothesis is being tested by
Ramunas Stepauskas using the single cell genomics approach (personal communi-
cation). As such, the various versions of this species may be analogous to Darwin’s
finches, being among the few organisms to survive transport to remote deep
environs and then adapting to the specific and varied conditions there, an idea put
forth by Tullis Onstott and Ramunas Stepanauskas (personal communication).

The finding of large numbers of sequences from spore-forming Firmicutes raises
the question of whether or not they’re present as actively metabolizing vegetative
cells or as inactive endospores. Arguments in favor of active cells include the
observation by SEM of long, rod-shaped cells rather than spores in filtrate from
the 2.8 km deep South African Mponeng mine water containing the simple,
one-species Cand. D. audaxviator ecosystem (Chivian et al. 2008) and sulfur
isotope fractionation in deep South African water samples that also have high
proportions of sulfate-reducing Firmicute sequences (Lau et al. 2013). Evidence
suggesting that the Firmicutes are present mainly as endospores lies in a compar-
ison of DNA- and RNA-based surveys of microbial communities in deep
South African fracture water communities. Several samples showed markedly
higher proportions of Firmicute sequences in the DNA than in the RNA. This is a
question that needs to be addressed further, e.g., using fluorescent in situ hybridi-
zation, analyses of mRNA as well as rRNA, stable isotope probing, and quantifi-
cation of the endospore constituent calcium dipicolinate.

Eukarya are found only seldom in the deep continental biosphere and then
generally not in the deepest, most anoxic groundwater. Sinclair and Ghiorse
(1989) reported protozoa in relatively shallow (50-250 m) eastern coast plain
aquifers of the United States. Lin et al. (2012b) reported a variety of protists in a
shallow, unconfined aquifer at the Hanford Site, in Eastern Washington State, with
a seasonal influence from the nearby Columbia River. Fungi were also reported by
Sinclair and Ghiorse (1989) at 1-50 propagules per g dry weight of sediment;
however, in deeper continental samples, fungi are generally not present and may
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even be considered to be serendipitous tracers of contamination (Onstott
et al. 2003). Fungi have been reported in marine sediments (Orsi et al. 2013), so
this may be another difference between continental and marine biospheres. Sur-
prisingly, metazoan predators in the form of nematodes, including a novel genus,
have been discovered feeding on bacteria in groundwater at depths of 0.9-3.6 km in
the Witwatersrand Basin (Borgonie et al. 2011). These roundworms have been
reported only from relatively young fracture waters (3000—12,000 years) containing
low concentrations of dissolved O, (13-72 pM). Presumably, groundwater that’s
deeper, older, and anoxic does not contain metazoans.

Viruses occur in deep fracture water environments even though their host
populations are relatively sparse. Kyle et al. (2008) reported 10°-107 viral-like
particles per ml of fracture water at the Aspo Hard Rock Laboratory (HRL) in
Sweden at depths of 69-450 m, tenfold higher than the abundance of prokaryotes
(10*-10° cells ml™"). Morphology indicated at least four different bacteriophage
groups. Eydal et al. (2009) went on to isolate bacteriophages from these waters that
specifically infected Desulfovibrio aespoeensis, which was previously isolated
from these waters. Other evidence of subsurface bacteriophages is less direct. The
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genome of Cand. D. audaxviator contains CRISPR-cas system genes (clustered
regularly spaced short palindromic repeats, genomic sequences, which in combi-
nation with Cas proteins, serve as a prokaryotic acquired immune system important
in resistance to foreign genetic elements such as plasmids and phages), possibly
indicating past exposure to bacteriophages. Labonté et al. (2015) reported abundant
temperate phage sequences in the genomes of subsurface bacteria. Viruses may be
major controllers of subsurface bacterial and archaeal populations and they may
also be important vectors for horizontal gene transfer among subsurface microbes
(Anderson et al. 2013). Viruses in the subsurface deserve greater attention.
Diverse subsurface bacteria and archaea have been isolated in culture, although
as in most environments, these are often not the important players in culture-
independent, sequence-based surveys. The U.S. Department of Energy’s Subsur-
face Science Program isolated thousands of strains of bacteria, mostly aerobic
heterotrophs from subsurface samples (Balkwill and Boone 1997; Balkwill
et al. 1997). Deeper sampling has produced primarily anaerobes (Table 6.1).
Spore-forming Firmicutes, metal reducers, and iron reducers are well represented.
Few methanogens have been isolated, likely due to sampling and cultivation
challenges associated with their extreme O, sensitivity. Bonin and Boone (2004)
cultivated a methanogen from a South African mine sample. These isolates can
serve as useful model organisms that share metabolic characteristics with the more
numerically dominant microbes. For example, a Desulfotomaculum putei from the
Taylorsville Basin in Virginia (Liu et al. 1997) was used to quantify sulfur isotope
fractionation (A**S) in a biomass-recycling turbidostat that modeled energy-
limiting conditions in the subsurface; the magnitude of A**S increased with energy
limitation (Davidson et al. 2009). Many novel subsurface isolates have potential for
biotechnological applications. Metal-reducing Thermoanaerobacter strains from
deep sedimentary basins have been put to work synthesizing specialty minerals
and immobilizing metal and radionuclide contaminants (Moon et al. 2007; Yeary
et al. 2011; Madden et al. 2012). Thermus scotoductus strain SA-01 also has
potential applications as a metal reducer (Opperman et al. 2010; Cason
et al. 2012). Other cultures have been and will be isolated, with the potential for
uses as model organisms and with potential for biotechnological applications.

6.8 Outlook for the Deep Continental Biosphere

The deep biosphere, both continental and marine, offers huge potential for discov-
ery, and important revelations are made with each new opportunity to probe the
subsurface. Nonetheless, the sobriquet “dark life” remains very appropriate. The
volume of the subsurface that has been sampled is minuscule compared to the total
volume of the deep continental biosphere, and more importantly, there remains a
tremendous diversity of geological settings and habitat types that have yet to be
examined. At present, the factor that is most limiting to progress in the continental
subsurface is the ability to gain access to deep environments for sample collection,
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Table 6.1 Selected deep subsurface microbial isolates. Selection was based upon the criteria of

anaerobic growth or natural presence at depths >1 km

Depth
Isolate Environment (km) Characteristics References
Bacillus infernus Taylorsville 2.7 Thermophilic (61 °C), Boone
Basin, Virginia strictly anaerobic, et al. (1995)
sediment nitrate- and metal-
reducing, endospore-
forming Firmicute
Desulfotomaculum Taylorsville 2.7 Thermophilic (50 °C) Liu
putei Basin, Virginia sulfate-reducing, endo- | et al. (1997)
sediment spore-forming Firmicute
Desulfovibrio Aspd Hard Rock | 0.6 Sulfate-reducing Motamedi
aespoeensis Laboratory, deltaproteobacterium and Pedersen
Sweden (25-30 °C) (1998)
Thermus scotoductus | Deep fracture 3.2 Thermophile (65 °C), Kieft
strain SA-01 water collected aerobic, and also nitrate | et al. (1999),
via Mponeng and metal reducer Balkwill
mine shaft et al. (2004)
5, South Africa
Alkaliphilus Driefontein mine | 3.2 Thermophilic Takai
transvaalensis 5 shaft dam water (20-50 °C,), alkaliphilic | et al. (2001b)
(pH 8-12.5) Firmicute;
endospore former, strict
anaerobe; heterotrophic
nitrate, thiosulfate, and
fumarate reducer
Thermoanaerobacter | Piceance Basin, 2.1 Thermophilic (60 °C) Roh
ethanolicus Colorado metal-reducing bacteria, | et al. (2002)
produce magnetite
Geobacillus Deep fracture 32 Thermophile (65 °C), DeFlaun
thermoleovorans water collected aerobic, and also nitrate | et al. (2007)
strain GE-7 via Driefontein reducer
mine,
South Africa
Halanaerocella Hypersaline oil 1.15 Halophilic (growth at Gales
petrolearia reservoir, Gabon 6-126 % NaCl) fermen- |et al. (2011)
tative Firmicute
Desulfocurvus Deep aquifer, 0.83 Sulfate-reducing Klouche
vexinensis Paris Basin, deltaproteobacterium et al. (2009)

France

(37 °C)

monitoring, and experimentation. While the necessary sampling equipment isn’t
quite as specialized and expensive as the drill ships used by the International Ocean
Discovery Program, drilling on and in land is expensive, especially when the targets
are >1 km deep. Drilling to significant depth generally requires millions of dollars
and thus requires either major funding or the opportunity to piggyback a scientific
investigation onto drilling carried out for other purposes, e.g., by the extractive
industries and by entities seeking to dispose of hazardous waste (e.g., radionuclides,
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CO,). The International Scientific Drilling Program (ICDP) partially funds scien-
tific drilling projects and has identified the deep biosphere as an important driver for
future drilling expeditions (Harms et al. 2007), so it can be hoped that opportunities
will expand. Drilling from underground platforms needs to be advanced via dedi-
cated underground facilities, e.g., ones used for high-energy particle physics
(Fredrickson et al. 2006; Onstott et al. 2009). Permanent facilities can be especially
useful for long-term monitoring and experimentation.

While sampling opportunities have been limiting, the technologies for analyzing
microbial communities and their metabolic activities have grown enormously. The
entire “-omics” revolution (genomics, transcriptomics, proteomics, metabolomics)
is being applied to the subsurface as well as nearly every other conceivable
environment, and so one can expect the next decade to bring major breakthroughs.
As we gain more and more data on the genetics and metabolism of subsurface
microorganisms, the challenge will be to use these data to answer major questions
such as how are the microbes interacting in situ, what are their rates of activity, and
how did they get there and adapt to subsurface conditions in the first place? Better
insight into Earth’s dark life may also give insights to the consideration of life
beneath the surfaces of other planets or even into the origin and early evolution of
life on our own planet. There’s no shortage of questions, and these days there’s not
even much limitation by available technology; we need only to expand the scientific
will to drill.

References

Amend JP, Teske A (2005) Expanding frontiers in deep subsurface microbiology. Palacogeogr
Palaeoclimatol Palaeoecol 219(1-2):131-155

Amy PS, Haldeman DL (eds) (1997) The microbiology of the terrestrial subsurface. CRC, Boca
Raton, FL

Anderson RE, Brazelton WJ, Baross JA (2013) The deep viriosphere: assessing the viral impact on
microbial community dynamics in the deep subsurface. In: Hazen RM, Jones AP, Baross JA
(eds) Carbon in Earth. Rev Miner Geochem 75:649-675

Aiillo T, Ranchu-Peyruse A, Olivier B, Mogot M (2013) Desulfotomaculum spp. and related gram-
positive sulfate reducing bacteria in deep subsurface environments. Front Microbiol 4:1-12

Baker BJ, Moser DB, MacGregor BJ, Fishbain S, Wagner M, Fry NK, Jackson B, Speolstra N,
Loos S, Takai K, Sherwood Lollar B, Fredrickson J, Balkwill D, Onstott TC, Wimpee CF,
Stahl DA (2003) Related assemblages of sulphate-reducing bacteria associated with ultradeep
gold mines of South Africa and deep basalt aquifers of Washington State. Environ Microbiol
5:1168-1191

Balkwill DL, Boone DR (1997) Identity and diversity of microorganisms cultured from subsurface
environments. In: Amy PS, Haldeman DL (eds) The microbiology of the terrestrial deep
subsurface. CRC Lewis, Boca Raton, pp 105-117

Balkwill DL, Reeves RH, Drake GR, Reeves JG, Crocker FH, King MB, Boone DR (1997)
Phylogenetic characterization of bacteria in the subsurface microbial culture collection.
FEMS Microbiol Rev 20:201-216



6 Microbiology of the Deep Continental Biosphere 243

Balkwill DL, Kieft TL, Tsukuda T, Kostandarithes HM, Onstott TC, Macnaughton S, Bownas J,
Fredrickson JK (2004) Identification of iron-reducing Thermus strains as Thermus scotoductus.
Extremophiles 8:37—44

Bartlett DH (2009) Microbial life in the trenches. Mar Technol Soc J 43:128-131

Bastin ES, Greer FE, Merritt CA, Moulton G (1926) The presence of sulphate reducing bacteria in
oil field waters. Science 63:21-24

Bonin AS, Boone DR (2004) Microbial isolations and characterizations from the deep terrestrial
subsurface of the South African gold mines. Proceedings of the 104th General Meeting of the
American Society for Microbiology. New Orleans, LA. May 2004

Boone DR, Liu YT, Zhao ZJ, Balkwill DL, Drake GR, Stevens TO, Aldrich HC (1995) Bacillus
infernus sp. nov., an Fe(II1)- and Mn(IV)-reducing anaerobe from the deep terrestrial subsur-
face. Int J Syst Bacteriol 45:441-448

Borgonie G, Garcia-Moyano A, Litthauer D, Bert W, Bester A, van Heerden E, Onstott TC (2011)
Nematoda from the terrestrial deep subsurface of South Africa. Nature 474:79-82

Brockman FJ, Li SW, Fredrickson JK, Ringelberg DB, Kieft TL, Spadoni CM, White DC,
McKinley JP (1998) Post-sampling changes in microbial community composition and activity
in a subsurface paleosol. Microb Ecol 36:152-164

Cason ED, Piater LA, van Heerden E (2012) Reduction of U(VI) by the deep subsurface
bacterium, Thermus scotoductus SA-01, and the involvement of the ABC transporter protein.
Chemosphere 86:572-577

Chapelle FH (2000) Ground-water microbiology and geochemistry, 2nd edn. Wiley, New York

Chapelle FH, O’Neill K, Bradley PM, Methe BA, Ciufo SA, Knobel LL, Lovley DR (2002) A
hydrogen-based subsurface microbial community dominated by methanogens. Nature
415:312-315

Chivian D, Alm E, Brodie E, Culley D, Dehal P, DeSantis T, Gihring T, Lapidus A, Lin L-H,
Lowry S, Moser D, Richardson P, Southam G, Wanger G, Pratt L, Andersen G, Hazen T,
Brockman F, Arkin A, Onstott T (2008) Environmental genomics reveals a single species
ecosystem deep within the Earth. Science 322:275-278

Colwell FS, D’Hondt S (2013) Nature and extent of the deep biosphere. In: Hazen RM, Jones AP,
Baross JA (eds) Carbon in Earth. Rev Miner Geochem 75:547-574

Colwell FS, Onstott TC, Delwiche ME, Chandler D, Fredrickson JK, Yao QJ, McKinley JP, Boone
DR, Griffiths R, Phelps TJ, Ringelberg D, White DC, LaFreniere L, Balkwill D, Lehman RM,
Konisky J, Long PE (1997) Microorganisms from deep, high temperature sandstones: con-
straints on microbial colonization. FEMS Microbiol Rev 20:425-435

Colwell FS, Stormberg GJ, Phelps TJ, Birnbaum SA, McKinley J, Rawson SA, Veverka C,
Goodwin S, Long PE, Russell BF, Garland T, Thompson D, Skinner P, Grover S (1992)
Innovative techniques for collection of saturated and unsaturated subsurface basalts and
sediments for microbiological characterization. J Microbiol Methods 15:279-292

Colwell FS, Smith RP (2004) Unitying principles of the deep terrestrial and deep marine bio-
spheres. biospheres. In: Wilcock WSD, Delong EF, Kelley DS, Baross JA, Cary SC (eds)
Subseafloor biosphere at mid-ocean ridges, vol 104, Geophysical Monograph Series. American
Geophysical Union, Washington, DC, pp 355-367

Cowen JP, Giovannoni SJ, Kenig F, Johnson HP, Butterfield D, Rappé MS, Hutnak M, Lam P
(2003) Fluids from aging ocean crust that support microbial life. Science 299:120-123

Davidson MM, Bisher ME, Pratt LM, Fong J, Southam G, Pfiffner SM, Reches Z, Onstott TC
(2009) Sulfur isotope enrichment during maintenance metabolism in the thermophilic sulfate-
reducing bacterium Desulfotomaculum putei. Appl Environ Microbiol 75:5621-5630

Davidson MM, Silver BJ, Onstott TC, Moser DP, Gihring TM, Pratt LM, Boice EA, Sherwood
Lollar B, Lippmann-Pipke J, Pfiftner SM, Kieft TL, Symore W, Ralston C (2011) Capture of
planktonic microbial diversity in fractures by long-term monitoring of flowing boreholes,
Evander Basin, South Africa. Geomicrobiol J 28:275-300

D’Hondt S, Jorgensen BB, Miller DJ, Batzke A, Blake R, Cragg BA, Cypionka H, Dickens GR,
Ferdelman T, Hinrichs KU, Holm NG, Mitterer R, Spivack A, Wang GZ, Bekins B, Engelen B,



244 T.L. Kieft

Ford K, Gettemy G, Rutherford SD, Sass H, Skilbeck CG, Aiello IW, Guerin G, House CH,
Inagaki F, Meister P, Naehr T, Niitsuma S, Parkes RJ, Schippers A, Smith DC, Teske A,
Wiegel J, Padilla CN, Acosta JLS (2004) Distributions of microbial activities in deep
subseafloor sediments. Science 306:2216-2221

DeFlaun MF, Fredrickson JK, Dong H, Pfiffner SM, Onstott TC, Balkwill DL, Streger SH,
Stackebrandt E, Knoessen S, van Heerden E (2007) Isolation and characterization of a
Geobacillus thermoleovorans strain from an ultra-deep South African gold mine. Syst Appl
Microbiol 30:152-164

DeLong EF, Franks DG, Yayanos AA (1997) Evolutionary relationships of cultivated psychro-
philic and barophilic deep-sea bacteria. Appl Environ Microbiol 63:2105-2108

Dong H, Zhang G, Huang L, Dai X, Wang Y, Lu G, Dong Z, Dong X (2009) The deep subsurface
microbiology research in China: results from Chinese Continental Scientific Drilling Project,
AGU Fall meeting, San Francisco, CA, December 2009

Dong Y, Kumar CG, Chia N, Kim P-J, Miller PA, Price ND, Can IKO, Flynn TM, Sanford RA,
Krapac IG, Locke RA, Hong P-Y, Tamaki H, Liu W-T, Mackie RI, Hernandez AG, Wright CL,
Mikel MA, Walker JL, Sivaguru M, Fried G, Yannarell AC, Fouke BW (2014) Halomonas
sulfidaeris-dominated microbial community inhabits a 1.8 km-deep subsurface Cambrian
Sandstone reservoir. Environ Microbiol 16:1695-708. doi:10.1111/1462-2920.12325

Edwards RA, Rodrigues-Brito B, Wegley L, Haynes M, Breitbart M, Peterson D, Saar M,
Alexander S, Alexander EC, Rohwer F (2006) Using pyrosequencing to shed light on deep
mine microbial ecology. BMC Genomics 7:57-70

Eloe EA, Fadrosh DW, Novotny M, Allen LZ, Kim M, Lombardo MJ, Yee-Greenbaum J,
Yooseph S, Alen EE, Lasken R, Williamson SJ, Bartlett DH (2011) Going deeper:
metagenome of a hadopelagic microbial community. PLoS One 6, 20388

Erzinger J, Wiersberg T, Zimmer M (2006) Real-time mud gas logging and sampling during
drilling. Geofluids 6:225-233

Eydal HSC, Jagevall S, Hermansson M, Pedersen K (2009) Bacteriophage lytic to Desulfovibrio
aespoeensis isolated from deep groundwater. ISME J 3:1139-1147

Fredrickson JK, Balkwill DL (2006) Geomicrobiological processes and diversity in the deep
terrestrial subsurface. Geomicrobiol J 23:345-356

Fredrickson JK, Kieft TL, Moran N, Moser DP, Onstott TC, Phelps TJ, Teidje JM (2006) DUSEL.:
Window to the Subsurface Biosphere. National Science Foundation Report. http://www.
deepscience.org/TechnicalDocuments/Final/deepbiology_final.pdf

Fredrickson JK, Onstott TC (1996) Microbes deep inside the Earth. Sci Am 275(4):68-73

Freifeld B (2009) The U-tube: a new paradigm for borehole fluid sampling. Scientific Drill
8:41-45

Fukuda A, Haigiwara H, Ishimura T, Kouduka M, Ioka S, Amano Y, Tsunogai U, Suzuki Y,
Mizuno T (2010) Microb Ecol 60:214-225

Gales G, Cehider N, Joulian C, Battaglia-Brunet F, Cayol J-L, Postec A, Borgomano J, Neria-
Gonzales I, Lomans BP, Ollivier B, Alazard D (2011) Characterization of Haloanaerocella
petroleara gen. nov., sp. nov., a new anaerobic moderately halophilic fermentative bacterium
isolated from a deep subsurface hypersaline oil reservoir. Extremophiles 15:565-571

Gihring TM, Moser DP, Lin L-H, Davidson M, Onstott TC, Morgan L, Millesson M, Kieft TL,
Trimarco E, Balkwill DL, Dollhopf ME (2006) The distribution of microbial taxa in the
subsurface water of the Kalahari Shield, South Africa. Geomicrobiol J 23:415-430

Gold T (1992) The deep, hot biosphere. Proc Natl Acad Sci 8§9:6045-6049

Harms U, Koeberl C, Zoback MD (eds) (2007) Continental scientific drilling, a decade of progress,
and challenges for the future. Springer, Berlin

Head IM, Jones DM, Larter SR (2003) Biological activity in the deep subsurface and the origin of
heavy oil. Nature 426:344-349

Huber JA, Mark Welch D, Morrison HG, Huse SM, Neal PR, Butterfield DA, Sogin ML (2007)
Microbial population structures in the deep marine biosphere. Science 318:97-100


http://dx.doi.org/10.1111/1462-2920.12325

6 Microbiology of the Deep Continental Biosphere 245

Itavaara M, Nyyssonen M, Kapanen A, Nousiainen A, Ahonen L, Kukkonen I (2011) Character-
ization of bacterial diversity to a depth of 1500 m in the Outokumpu deep borehole,
Fennoscandian Shield. FEMS Microbiol Lett 77:295-309

Kallmeyer J, Pockalny R, Adhikari RR, Smith DC, D’Hondt S (2012) Global distribution of
microbial abundance and biomass in subseafloor sediment. Proc Natl Acad Sci
109:16213-16216

Kashefi K, Lovley DR (2003) Extending the upper temperature limit for life. Science 301:934

Kelley DS, Karson JA, Fru GL, Yoerger DR, Shank TM, Butterfield DA, Hayes JM, Schrenk MO,
Olson EJ, Proskurowski G, Jakuba M, Bradley A, Larson B, Ludwig K, Glickson D,
Buckman K, Bradley AS, Brazelton WJ, Roe K, Bernasconi SM, Elend MJ, Lilley MD, Baross
JA, Summons RE, Sylva SP (2005) A serpentinite-hosted ecosystem: the Lost City hydrother-
mal field. Science 307:1428-1434

Kieft TL (2010) Sampling the deep sub-surface using drilling and coring techniques. In: Timmis
KN (ed) Microbiology of hydrocarbons and lipids. Springer, Berlin, pp 3427-3441

Kieft TL, Fredrickson JK, Onstott TC, Gorby YA, Kostandarithes HM, Bailey TJ, Kennedy DW,
Li SW, Plymale A, Spadoni CM, Gray MS (1999) Dissimilatory reduction of Fe(IlI) and other
electron acceptors by a Thermus isolate. Appl Environ Microbiol 65:1214-1221

Kieft TL, McCuddy SM, Onstott TC, Davidson M, Lin L-H, Mislowac B, Pratt L, Boice E,
Sherwood Lollar B, Lippmann-Pipke J, Pfiftner SM, Phelps TJ, Gihring T, Moser D, van
Heerden E (2005) Geochemically generated, energy-rich substrates and indigenous microor-
ganisms in deep, ancient groundwater. Geomicrobiol J 22:325-335

Kieft TL, Phelps TJ (1997) Life in the slow lane: Activities of microorganisms in the subsurface.
In: Amy PS, Haldeman DL (eds) The microbiology of the terrestrial subsurface. CRC, Boca
Raton, FL, pp 137-163

Kieft TL, Phelps TJ, Fredrickson JK (2007) Drilling, coring, and sampling subsurface environ-
ments. In: Hurst CJ (ed) Manual of environmental microbiology, 3rd edn. ASM, Washington,
DC, pp 799-817

Kyle JE, Eydal HSC, Ferris FG, Pedersen K (2008) Viruses in granitic groundwater from 69 to
450 m depth of the Aspd hard rock laboratory, Sweden. ISME J 2:571-574

Klouche N, Basso O, Lascourreges JF, Cayol JL, Thmas P, Fauque G, Fardeau ML, Magot M
(2009) Desulfocurvus vexinensis gen. nov. sp. nov., a sulfate-reducing bacterium isolated from
a deep subsurface aquifer. Int J Syst Evol Microbiol 59:3100-3104

Labonté JM, Field EK, Lau M, Chivian D, Van Heerden E, Wommack KE, Kieft TL, Onstott TC,
Stepanauskas R (2015) Single cell genomics indicates horizontal gene transfer and viral
infections in a deep subsurface Firmicutes population. Front Microbiol 6:349

Lauro FM, Bartlett DH (2008) Prokaryotic lifestyles in deep sea habitats. Extremophiles 12:15-25

Lau MCY, Magnabosco C, Brown CT, Grim S, Lacrampe-Couloume G, Wilkie K, Sherwood
Lollar B, Simkus DN, Slater GF, Hendrickson S, Pullin M, Kieft TL, Li L, Snyder L, Kuloyo O,
Linage B, Borgonie G, Vermeulen J, Maleke M, Tlalajoe N, Moloantoa KM, van Heerden E,
Vermeulen F, Pienaar M, Munro A, Joubert L, Ackerman J, van Jaarsveld C, Onstott TC (2013)
Continental subsurface waters support unique but diverse C-acquisition strategies. AGU Fall
Meeting, San Francisco, California, US, 9th—13th December 2013

Lehman RM, Colwell FS, Ringelberg DB, White DC (1995) Combined microbial community-
level analyses for quality assurance of terrestrial subsurface cores. J Microbiol Methods
22:263-281

Lin LH, Wang P-L, Rumble D, Lippmann-Pipke J, Boice E, Pratt LM, Sherwood Lollar B,
Brodie E, Hazen T, Andersen G, DeSantis T, Moser DP, Kershaw D, Onstott TC (2006)
Long term biosustainability in a high energy, low diversity crustal biome. Science
314:479-482

Lin X, Kennedy D, Fredrickson J, Bjornstad B, Konopka A (2012a) Vertical stratification of
subsurface microbial community composition across geological formations at the Hanford
Site. Environ Microbiol 14:414-425



246 T.L. Kieft

Lin X, McKinley J, Resch CT, Kaluzny R, Lauber CL, Fredrickson J, Knight R, Konopka A
(2012b) Spatial and temporal dynamics of the microbial community in the Hanford unconfined
aquifer. ISME J 6:1665-1676

Lippmann-Pipke J, Erzinger J, Zimmer M, Kujawa C, Boettcher M, van Heerden E, Bester A,
Moller H, Stroncik NA, Reches Z (2011a) Geogas transport in fractured hard rock—Correla-
tions with mining seismicity at 3.54 km depth, TauTona gold mine, South Africa. Appl
Geochem 26:2134-2146

Lippmann-Pipke J, Sherwood Lollar B, Neidermann S, Stroncik N, Naumann R, VanHeerden E,
Onstott TC (2011b) Neon identifies two billion year old fluid component in Kaapvaal Craton.
Chem Geol 282:287-296

Lippmann-Pipke J, Stute M, Torgersen T, Moser DP, Hall J, Lin L, Borcsik M, Bellamy RES,
Onstott TC (2003) Dating ultra-deep mine waters with noble gases and *°Cl, Witwatersrand,
South Africa. Geochimica Cosmoshimica Acta 67:4597-4619

Liu YT, Karnauchow TM, Jarrell KF, Balkwill DL, Drake GR, Ringelberg D, Clarno R, Boone DR
(1997) Description of two new thermophilic Desulfotomaculum spp., Desulfotomaculum putei
sp. nov, from a deep terrestrial subsurface, and Desulfotomaculum luciae sp. nov, from a hot
spring. Int J System Bacteriol 47:615-621

Lovley DR, Chapelle FH, Woodward JC (1994) Use of dissolved H, concentration to determine
distribution of microbially catalyzed redox reactions in anoxic groundwater. Environ Sci
Technol 28:1205-1210

Madden AS, Swidle AL, Beazley MJ, Moon JW, Ravel B, Phelps TJ (2012) Long-term solid-phase
fate of co-precipitated U(VI)-Fe(Ill) following biological iron reduction by
Thermoanaerobacter. Am Miner 97:1641-1652

Madigan MT, Martinko JM, Stahl DA, Clark DP (2013) Brock biology of microorganisms, 13th
edn. Benjamin Cummings, Boston, MA

Moon J-W, Roh Y, Lucas W, Yeary LW, Lau RJ, Rawn CJ, Love LJ, Phelps TJ (2007) Microbial
formation of lanthanide-substituted magnetites by Thermoanaerobacter sp. TOR-39.
Extremophiles 11:859-867

Moser DP (2012) Deep microbial ecosystems in the U.S. Great Basin: a second home for
Desulforudis audaxviator? Abstract B41F-08 presented at 2012 Fall Meeting, AGU, San
Francisco, CA, 3-7

Moser D, Boston PJ, Martin H (2001) Sampling in caves and mines. In: Bitton GE
(ed) Encyclopedia of environmental microbiology. Wiley, New York, pp 821-835

Moser DP, Gihring T, Fredrickson JK, Brockman FJ, Balkwill D, Dollhopf ME, Sherwood-
Lollar B, Pratt LM, Boice E, Southam G, Wanger G, Welty AT, Baker BJ, Onstott TC
(2005) Desulfotomaculum spp. and Methanobacterium spp. dominate a 4— to 5—kilometer
deep fault. Appl Environ Microbiol 71:8773-8783

Moser DP, Onstott TC, Fredrickson JK, Brockman FJ, Balkwill DL, Drake GR, Pfiffner SM,
White DC, Takai K, Pratt LM, Fong J, Sherwood-Lollar B, Slater G, Phelps TJ, Spoelstra N,
DeFlaun M, Southam G, Welty AT, Baker BJ, Hoek J (2003) Temporal shifts in microbial
community structure and geochemistry of an ultradeep South African gold mine borehole.
Geomicrobiol J 20:517-548

Motamedi M, Pedersen K (1998) Desulfovibrio aespoeensis sp. nov., a mesophilic sulfate-
reducing bacterium from deep groundwater at Aspd hard rock labioratory. Sweden Int J Syst
Bacteriol 48:311-315

Murphy EM, Schramke JA, Fredrickson JK, Bledsoe HW, Francis AJ, Sklarew DS, Linehand JC
(1992) The influence of microbial activity and sedimentary organic carbon on the isotope
geochemistry of the Middendorf aquifer. Water Resour Res 28:723-740

Nagata T, Tamburini C, Aristegui J, Baltar F, Bochdansky A, Fonda-Umani S, Fukuda H,
Gogou A, Hansell DA, Hansman RJ, Herndl GJ, Panagiotopoulos C, Reinthaler T, Sohrin R,
Verdugo P, Yamada N, Yamashita Y, Yokokawa T, Bartlett DH (2010) Emerging concepts on
microbial processes in the bathypelagic ocean — ecology, biogeochemistry, and genomics.
Deep-Sea Res II 57:1519-1536



6 Microbiology of the Deep Continental Biosphere 247

National Science Foundation (2003) EarthLab, NSF-sponsored report of underground opportuni-
ties in GeoSciences and GeoEngineering. National Science Foundation, Washington, DC
Nealson KH, Inagaki F, Takai K (2005) Hydrogen-driven subsurface lithoautotrophic microbial
ecosystems (SIiMEs): do they exist and why should we care? Trends Microbiol 13:405-410

Nyssonen M, Bomberg M, Kapanen A, Nousiainen A, Pitkdnen P, Itivaara M (2012)
Methanogenic and sulphate-reducing microbial communities in deep groundwater of crystal-
line rock fractures in Oliluoto, Finland. Geomicrobiol J 29:863—-878

Omar G, Onstott TC, Hoek J (2003) The origin of deep subsurface microbial communities in the
Witwatersrand Basin, South Africa as deduced from apatite fission track analyses. Geofluids
3:69-80

Onstott TC, Colwell FS, Kieft TL, Murdoch L (2009) New horizons for deep subsurface micro-
biology. Microbe 4:499-505

Onstott TC, Lin LH, Davidson M, Mislowac B, Borcsik M, Hall J, Slater G, Ward J, Sherwood
Lollar B, Lippmann-Pipke J, Boice E, Pratt L, Pfiffner BS, Moser D, Gihring T, Kieft TL,
Phelps TJ, van Heerden E, Litthauer D, DeFlaun M, Rothmel R (2006) The origin and age of
biogeochemical trends in deep fracture water of the Witwatersrand basin, South Africa.
Geomicrobiol J 23:369-414

Onstott TC, Magnabosco C, Aubrey AD, Burton AS, Dworkin JP, Elsila JE, Grunsfeld S, Cao BH,
Hein JE, Glavin DP, Kieft TL, Silver BJ, Phelps TJ, van Heerden E, Opperman DJ, Bada JL
(2014) Does aspartic acid racemization constrain the depth limit of the subsurface biosphere?
Geobiology 12:1-19

Onstott TC, Moser DP, Pfiffner SM, Fredrickson JK, Brockman FJ, Phelps TJ, White DC,
Peacock A, Balkwill D, Hoover R, Krumholz LR, Borscik M, Kieft TL, Wilson R (2003)
Indigenous and contaminant microbes in ultradeep mines. Environ Microbiol 5:1168-1191

Onstott TC, Phelps TJ, Colwell FS, Ringelberg D, White DC, Boone DR, McKinley JP, Stevens
TO, Long PE, Balkwill DL, Griffin T, Kieft T (1998) Observations pertaining to the origin and
ecology of microorganisms recovered from the deep subsurface of Taylorsville Basin, Vir-
ginia. Geomicrobiol J 15:353-385

Onstott TC, Phelps TJ, Kieft TL, Colwell FS, Balkwill DL, Fredrickson JK, Brockman FJ (1999) A
global perspective on the microbial abundance and activity in the deep subsurface. In:
Seckbach J (ed) Enigmatic microorganisms and life in extreme environments. Kluwer, The
Netherlands, pp 489-500

Opperman DJ, Sewell BT, Litthauer D, Isupov MN, Littlechild JA, van Heerden E (2010)
Biochem Biophys Res Commun 393:426-431

Orcutt BN, Bach W, Becker K, Fisher AT, Hentscher M, Toner BM, Wheat CG, Edwards KJ
(2011) Colonization of subsurface microbial observatories deployed in young ocean crust.
ISME J 5:692-703

Orcutt B, Wheat CG, Edwards K (2010) Subseafloor ocean crust microbial observatories: devel-
opment of FLOCS (flow-through osmo colonization system) and evaluation of borehole
construction materials. Geomicrobiol J 27:143-157

Orsi W, Biddle JF, Edgcomb V (2013) Deep sequencing of subseafloor eukaryotic rRNA reveals
active fungi across marine subsurface provinces. PLoS One 8:¢56335

Parkes RJ, Cragg BA, Bale SJ, Getliff JM, Goodman K, Rochelle PA, Fry JC, Weightman AJ,
Harvey SM (1994) Deep bacterial biosphere in Pacific Ocean sediments. Nature 371:410-413

Pedersen K (1993) The deep subterranean biosphere. Earth-Sci Rev 34:243-260

Pedersen K (1997) Microbial life in deep granitic rock. FEMS Microbiol Rev 20:399-414

Pedersen K (2000) Exploration of deep intraterrestrial microbial life: current perspectives. FEMS
Microbiol Lett 185:9-16

Phelps TJ, Fliermans CB, Garland TR, Pfiffner SM, White DC (1989) Methods for recovery of
deep terrestrial subsurface sediments for microbiological studies. J Microbiol Methods
9:267-279

Phelps TJ, Murphy EM, Pfiffner SM, White DC (1994) Comparisons between geochemical and
biological estimates of subsurface microbial activities. Microb Ecol 28:335-349



248 T.L. Kieft

Roh Y, Liu SV, Li G, Huang H, Phelps TJ, Zhou J (2002) Isolation and characterization of metal-
reducing Theroanaerobacter strains from deep subsurface environments of the Piceance Basin,
Colorado. Appl Environ Microbiol 68:6013-6020

Rgy H, Kallmeyer J, Adhikari RR, Pockalny R, Jgrgensen BB, D’Hondt S (2012) Aerobic
microbial respiration in 86-million-year-old deep-sea red clay. Science 336:922-925

Russell BF, Phelps TJ, Griffin WT, Sargent KA (1992) Procedures for sampling deep subsurface
communities in unconsolidated sediments. Groundwater Monit Remediat 12:96-104

Sahl JW, Schmidt R, Swanner ED, Mandernack KW, Templeton AS, Kieft TL, Smith RL, Sanford
WE, Callaghan RL, Mitton JB, Spear JR (2008) Subsurface microbial diversity in deep-
granitic-fracture water in Colorado. Appl Environ Microbiol 74:143—-152

Schrenk MO, Brazelton WJ, Lang SQ (2013) Serpentinization, carbon and deep life. Rev Miner
Geochem 75:575-606

Silver BJ, Onstott TC, Rose G, Lin L-H, Ralston C, Sherwood-Lollar B, Pfiffner SM, Kieft TL,
McCuddy S (2010) In situ cultivation of subsurface microorganisms in a deep mafic sill:
implications for SLiMEs. Geomicrobiology J27:329-348

Sinclair JL, Ghiorse WC (1989) Distribution of aerobic bacteria, protozoa, algae, and fungi in deep
subsurface sediments. Geomicrobiol J 7:15-32

Sherwood Lollar B, Voglesonger K, Lin L-H, LaCrampe-Couloume G, Telling J, Abrajano TA,
Onstott TC, Pratt LM (2007) Hydrologic controls on episodic H, release from Precambrian
fractured rocks—energy for deep subsurface life on Earth and Mars. Astrobiology 7:971-986

Sherwood Lollar B, Westgate TD, Ward JA, Slater GF, Lacrampe-Couloume G (2002) Abiogenic
formation of alkanes in the Earth’s crust as a minor source for global hydrocarbon reservoirs.
Nature 416:522-524

Smith RL, Harris SH (2007) Determining the terminal electron-accepting reaction in the saturated
subsurface. In: Hurst CJ, Crawford RL, Garland JL, Lipson DA, Mills AL, Stetzenbach LD
(eds) Manual of environmental microbiology, 3rd edn. ASM Press, Washington, DC, pp
860-871

Smith DC, Spivack AJ, Fisk MR, Haveman SA, Staudigel H, The Leg 185 Shipboard Scientific
Party (2000) Methods for quantifying potential microbial contamination during deep ocean
coring. ODP Tech. Note 28

Sogin ML, Morrison HG, Huber JA, Welch DM, Huse SM, Neal PR, Arrieta JM, Herndl GJ (2006)
Microbial diversity in the deep sea and the underexplored “rare biosphere”. Proc Natl Acad Sci
USA 103:12115-12120

Stevens TO, McKinley JP (1995) Lithoautotrophic microbial ecosystems in deep basalt aquifers.
Science 270:450-454

Stevens TO, McKinley JP (2000) Abiotic controls on H2 production from basalt-water reactions
and implications for aquifer biogeochemistry. Environ Sci Technol 34:826-831

Stober I, Bucher K (2004) Fluid sinks within the earth’s crust. Geofluids 4:143-151

Takai K, Moser DP, DeFlaun MF, Onstott TC, Fredrickson JK (2001a) Archaeal diversity in
waters from deep South African Gold mines. Appl Environ Microbiol 67:5750-5760

Takai K, Moser DP, Onstott TC, Spoelstra N, Pfiffner SM, Dohnalkova A, Fredrickson JK (2001b)
Alakliphilus transvaalensis gen. nov., sp. nov., an extremely alkaliphilic bacterium isolated
from a deep South African gold mine. Int J System Evol Microbiol 51:1245-1256

Takai K, Nakamura K, Toki T, Tsunagai U, Miyazaki M, Hirayama H, Nakagawa S, Nonoura T,
Horikoshi K (2008) Cell proliferation at 122C and isotopically heavy CH4 production by a
hyperthermophilic methanogen under high-pressure cultivation. Proc Natl Acad Sci USA
105:10949-10954

Wang FP, Zhou HY, Meng J, Peng XT, Jiang LJ, Sun P, Zhang CL, Van Nostrand JD, Deng Y, He
ZL, Wu LY, Zhou JH, Xiao X (2009) GeoChip-based analysis of metabolic diversity of
microbial communities at the Juan de Fuca Ridge hydrothermal vent. Proc Natl Acad Sci
USA 106:4840-4845

Wanger G, Onstott TC, Southam G (2008) Stars of the terrestrial deep subsurface: a novel ‘star-
shaped’ bacterial morphotype from a South African platinum mine. Geobiology 6:325-330



6 Microbiology of the Deep Continental Biosphere 249

Whitman WB, Coleman DC, Wiebe WJ (1998) Prokaryotes: the unseen majority. Proc Natl Acad
Sci USA 95:6578-6583

Wilhelms A, Larter SR, Head I, Farrimond P, di-Primio R, Zwach C (2001) Biodegradation of oil
in uplifted basins prevented by deep-burial sterilization. Nature 411:1034-1037

Wilson JT, McNabb JF, Balkwill DL, Ghiorse WC (1983) Enumeration and characterization of
bacteria indigenous to a shallow water-table aquifer. Ground Water 21:134-142

Wu JY, Gao WM, Johnson RH, Zhang WW, Meldrum DR (2013) Integrated metagenomic and
metatranscriptomic analyses of microbial communities in the meso- and bathypelagic realm of
North Pacific Ocean. Marine Drugs 11:3777-3801

Yayanos AA (1995) Microbiology to 10,500 meters in the deep sea. Ann Rev Microbiol
49:777-805

Yayanos AA (2001) Deep-sea piezophilic bacteria. Meth Microbiol 30:615-637

Yeary LW, Moon J-W, Rawn CJ, Love LJ, Rondinone AJ, Thompson JR, Chakoumakos BC,
Phelps TJ (2011) Magnetic properties of bio-synthesized zinc ferrite nanoparticles. J] Magnet
Magnetic Mater 323:3043-3048



	Chapter 6: Microbiology of the Deep Continental Biosphere
	6.1 Introduction
	6.2 Comparison of Deep Continental and Marine Biospheres
	6.3 Methods for Sampling the Subsurface
	6.4 Microbial Abundance
	6.5 What Controls the Depth Limit of the Biosphere?
	6.6 Geogas and SLiMES
	6.7 Subsurface Biodiversity
	6.8 Outlook for the Deep Continental Biosphere
	References


