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Abstract. The Critical Zone (CZ) is the Earth’s outer shell relevant to biogeochemical nutrient cycling and determine
where all the fundamental physical, chemical, and biologi-how the activity of microorganisms can affect transport of
cal processes critical for sustaining life occur and interact.carbon, particulates, and reactive gases between and within
As microbes in the CZ drive many of these biogeochemi-CZ regions.

cal cycles, understanding their impact on life-sustaining pro-
cesses starts with an understanding of their biodiversity. In

this review, we summarize the factors controlling where ter- . _

restrial CZ microbes (prokaryotes and micro-eukaryotes) livel ~ The Critical Zone — where rocks meet life

and what is known about their diversity and function. Mi- N ) )
crobes are found throughout the CZ, down to 5km below The Earth’s Critical Zong (C2) is the heterogeneous.enw-
the surface, but their functional roles change with depth dud®nment where complex interactions between rock, soil, wa-
to habitat complexity, e.g. variability in pore spaces, wa- ter, air, _and living organisms regulate Fhe avallablhty of life-
ter, oxygen, and nutrients. Abundances of prokaryotes an§ustaining resources (NRC, 2001). Itis a huge region, rang-
micro-eukaryotes decrease from‘@r 10 cells g soit  or ing from the outer extent of vegetation through soils (pgdo—
rock1, or mlwater? by up to eight orders of magnitude sphere) down to unsaturated and. saturated bedro_ck (Fig. 1),
with depth. Although symbiotic mycorrhizal fungi and free- although the lower boundary, which marks the point where
living decomposers have been studied extensively in Soiﬂ!fe_no Iongermfluenc_es rock, remains undefined. The lower
habitats, where they occur up to%iglls g soit?, little is Ilmlt of _the Cz hgs shifted deeper with the_advent of_ modern
known regarding their identity or impact on weathering in r_n|cr_ob|ology which demonstrated _that microorganisms can
the deep subsurface. The relatively low abundance of microllVe in areas long thought to be uninhabitable (Gold, 1992).
eukaryotes in the deep subsurface suggests that they are lif-ven higher organisms, such as nematodes, have been recov-
ited in space, nutrients, are unable to cope with oxygen lim-ered frqm fracture Water.3.6 km beloyv the surface in thg dgep
itations, or some combination thereof. Since deep regions of0ld mines of South Africa (Borgonie et al., 2011). Life is
the CZ have limited access to recent photosynthesis-derivefifimarily limited in its penetration of the Earth’s surface not
carbon, microbes there depend on deposited organic matd €nergy but by temperature, Wh'C? increases rapidly with
rial or a chemolithoautotrophic metabolism that allows for a d€Pth at an average rate of Z5km™ (Bott, 1971). This
complete food chain, independent from the surface, althougtfu99ests that, with an upper temperature limit of AGGor
limited energy flux means cell growth may take tens to thou-Pacteria (Kashefi, 2003), life could exist down to 5.2 km be-
sands of years. Microbes are found in all regions of the CZIOW the surface.

and can mediate important biogeochemical processes, but The Earth’s outer shell is the “critical” arena where physi-
more work is needed to understand how microbial popu|a_cal, chemical, and biological processes fundamental for sus-
tions influence the links between different regions of the Cztaining both ecosystems and human societies occur and inter-
and weathering processes. With the recent development dict (Amundson et al., 2007; Brantley et al., 2007; Chorover
“omics” technologies, microbial ecologists have new meth-€t al., 2007; Lin, 2010). Biological and geological pro-
ods that can be used to link the composition and function ofcesses are unified via fluid transport, with water transfer-
in situ microbial communities. In particular, these methods!ing energy and mass (Lin, 2010). Geology directly impacts

can be used to search for new metabolic pathways that aréfe in the CZ, as organisms cannot survive on unweathered
bedrock; abiotic and biotic weathering processes are neces-

) sary to transform bedrock into a medium that can support
Correspondence tdK. Kisel life (Jin et al., 2010). The biological cycle is a combina-
BY (kirsten.kuesel@uni-jena.de) tion of ecological and biogeochemical cycles involved in the
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and nitrogen. The ecological cycle consists of processes that
| support a food chain via the generation and consumption of
biomass, with primary production carried out by producers,
such as plants and autotrophic microbes. Fixed carbon moves
up the food chain to consumers and ultimately, detritivores
such as prokaryotes, fungi, and higher animals. In general,
two types of ecological cycles occur within the CZ: those
driven by surface energy inputs and those that depend on sub-
surface energy (Fig. 2).

CZ habitats are estimated to harbor the unseen majority of
Earth’s biomass with the total carbon in subsurface microor-
ganisms likely equal to that in all terrestrial and marine plants
(Whitman et al., 1998). The CZ microbial world includes

Soll
(sensu stricto)

Altered prokaryotes Bacteriaand Archaeg, eukaryotes (fungi, al-
rock Unsaturated gae, and protozoa), and viruses. These microbes have devel-
zone oped an extraordinary diversity of metabolic potential and

adapted to a wide range of habitats that vary in nutrient and
water availability, depth, and temperature. Although the CZ
N7\ == . L . . L . .
RV AN\ YRY is a unified biosphere, studies have traditionally divided it
LN AL into five distinct geological zones: soils, the shallow sub-

5 surface, groundwater, caves, and the deep subsurface. Such
zonation is likely irrelevant to the microbes who live there to
whom, the defining features of a habitat are space, temper-
ature, water, nutrients, and energy sources that can support
microbial functional groups (Madsen, 2008).

T In this review we examine what is currently known about
microbiology within terrestrial CZ ecosystems. Physical and
saturated hydrological aspects of CZ processes have been described
e Zone by Lin (2010) while others summarize the microbiology
ilililili’*lf‘“i.feﬁi of specific CZ habitats, e.g. soils (Buckley and Schmidt,
I 2002), groundwater (Griebler and Lueders, 2009), and caves
(Northup and Lavoie, 2001). This review instead synthesizes
current knowledge regarding microbial biodiversity within
specific terrestrial habitats and examines it within the larger
context of the CZ. We intend to show that the sum of all mi-
crobial biodiversity within the linked ecosystems and zones
of the CZ is greater than the individual components. Ulti-
mately, we aim to facilitate a fuller understanding of complex
Earth processes by stimulating microbiologists and ecolo-

_ . L _ gists to evaluate their data within the global CZ network.
Fig. 1. The Earth’s Critical Zone as exemplified for a sedimentary

rock. The portion of the biosphere ranging from the outer extent of
vegetation down through the lower limits of groundwater, including
the soil, altered rock, the unsaturated zone, and the saturated zor® |mpact of physical complexity on CZ microbiology
(modified from Lin, 2010). A refers to the topsoil and B refers to
the subsoil.

VAR

NV
NEITRY
Groundwater
-\ table

P A

auoz |eanuo

9 k) N .
Aquitard SRS
7

Subsurface

Sedimentary rock
N >
. el |
=l
o

Bedrock

CZ habitats vary in their physical, chemical, and biological
heterogeneity with the most complex and productive regions
occurring near the surface and less complex regions further
production and consumption of energy in an ecosystem (Linpbelow. Habitat complexity depends on weathering, where
2010). Microorganisms are central to this cycle as they carrocks are fractured, ground, dissolved, and bioturbated into
control food-web trophic interactions (the ecological cycle) transportable minerals (Brantley et al., 2007). Transport pro-
and biogeochemical cycling of nutrients. Biotic and abiotic cesses control the flux of water and nutrients through the CZ,
processes of the biogeochemical cycle are intimately linkedinking these regions and affecting microbial activity. While
to the ecological cycle because they determine the bioavailmicroorganisms live throughout the CZ (Table 1), their
ability of elements necessary for life, e.g. carbon, oxygen,metabolic contribution depends on habitat complexity, the
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Fig. 2. The CZ biological cycle. lllustrated are the major pathways in which fixed carbon enters (solid arrows) and leaves (dashed arrows)
the CZ. The intensity of each pathway varies depending on location and is reflected by the size of the arrow. Arrows in green indicate the
contribution of processes to surface habitats, whereas arrows in red reflect contributions to subsurface habitats.

spatial and temporal variability that influences pore spaceln the unsaturated zone, pore spaces are only partially filled
water, oxygen, and nutrient availability for microbial life. with water, which moves primarily downward by the force
The three-dimensional weathered rock matrix of the Czof gravity. In the saturated zone, pore spaces are completely
forms a variety of heterogeneous microhabitats for biota thafilled and water can also move horizontally in response to
differ in the amount and source of water input. Microhabi- the hydraulic head. In deeper regions, water flow tends to
tats range from nm to cm in scale and occur in pore spacegjecrease (Anderson et al., 2007) and can lead to nutrient lim-
fractures, or particle aggregates. Small pores (nm to umjtation.
are found within mineral particles, black carbon, or parti-  Microhabitat size and water availability can constrain CZ
cle aggregates, and can be formed by abiotic processes, e.gicrobial distribution, as these organisms live within water
chemical weathering, fire, or aggregation, or via biological films or on the surface of particles, pores, and fractures as
processes, e.g. bioturbation, root-soil interactions, or micromicrocolonies or biofilms, or in the interior of particle aggre-
bial activity (Jarvis, 2007; Chorover et al., 2007). In abiotic gates (Madigan et al., 2000; Young, 2008). In soils and the
weathering, water enters the rock through vertical fracturesunsaturated zone, water availability limits both transport and
contacts rock walls, dissolves (trace) minerals, and oxidizeshe thickness of water films in pores (Young, 2008). Because
iron silicates. Plants exacerbate this weathering by extendingvater connects pores and controls the movement of organ-
roots into fractures to extract water, sometimes reaching ovefsms, dry areas increase niche separation and habitat diver-
20 m deep (Jackson et al., 1999). Such biological activity, insity. Soil aggregate microhabitats are unique for prokary-
addition to bioturbation by soil fauna, root penetration andotes because micron-scale gradients in water, nutrients, and
abiotic processes, such as shrinking and swelling of clay maexygen can be found even within a small 3mm sized ag-
terials, rock fracturing, and preferential weathering (Jarvis,gregate (Madigan et al., 2000). Anoxic regions can form
2007, Chorover et al., 2007), creates large pore sizes (mm t@ithin the interior of soil aggregates due to variable gas dif-
cm) in soils. fusion and oxygen consumption near their surfaces. These
Water transports nutrients and gases through habitats vienicro-oxic or anoxic niches within aggregates within gener-
fractures and pore spaces, providing a constant source of eilly oxic soil habitats allow organisms to be active despite
ements to some CZ regions. Soils gain the majority of wa-varying oxygen needs (Madigan et al., 2000) and can sup-
ter from the atmosphere and interface with aquatic systemsport very different microbial communities than the exterior
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Table 1. Examples of prokaryote abundance, phylogenetic diversity, and functional role in CZ habitats.

Region Habitat Prokaryote Functional groups Phylogenetic groups detected  References
abundance so far
Pedosphere  Soils 1@o Photoautotrophs (e.g. Bacteria (Proteobacteria Torsvik et al. (2002);

1010 cells g soit?

COy,-fixing bacteria)
Heterotrophs (e.g.

aerobes and anaerobes,
nitrifiers, iron- and
sulfate-reducers,

N»-fixing bacteria,
denitrifiers, methylotrophs,
acetogens)
Chemolithoautotrophs (e.g.
ammonium oxidizers,

Acidobacteria Actinobacteria
BacteroidetesChloroflexi

Chlorobi, Cyanobacteria
CytophagalesDeinococcus
Ferribacter, Firmicutes
Gemmatimonadetes
Planctomycetes, Verrucomicrobia
candidatedivisions)

Archaea (Crenarchaeota
Euryarchaeota)

Whitman et al. (1998);

Beloin et al. (1988);

Buckley and Schmidt (2002);
Miltner et al. (2004);

Brons and van Elsas (2008);
Kowalchuk and Stephen (2001);
Kusel and Drake (1995);

Kusel et al. (2002).

methanogens,

methanotrophs)
Unsaturated Shallow 10% to Heterotrophs (e.g. aerobes  Bacteria (Proteobacteria Brockman and Murray (1997);
bedrock subsurface 1B cellsg! and anaerobes, nitrifying Acidobacteria, Actinobacterja Kieft et al. (1993);

bacteria, iron- and sulfate-  Bacteroidetes, Chloroflexi Balkwill and Ghiorse (1985);

reducers, M-fixing bacteria,  Firmicutes, Planctomycetes Wilson et al. (1983);

methane-oxidizers) Verrucomicrobiacandidate Fliermans (1989);

Chemolithoautotrophs (e.g. divisions) Hazen et al. (1991);

Mn- and sulfur-oxidizers) Wang et al. (2008).
Saturated  Groundwater 103 to Heterotrophs (e.g. Bacteria (Proteobacteria Ghiorse and Wilson (1988);
bedrock ecosystems 108 cellscn3water oligotrophs, nitrifiers, Acidobacteria, Actinobacterja Madsen (2008);

>100¢cellscm
porous sediment®

Mn-oxidizers, iron- and
sulfate-reducers)
Chemolithoautotrophs (e.g.
carbon-fixers, iron- and
sulfur-oxidizers)

Bacteroidetes, Chloroflexi
Firmicutes, Nitrospira
Planctomycetes, Spirochaetes
\errucomicrobiacandidate
divisions)

Pedersen (2000);

Griebler and Lueders (2009);
Ellis et al. (1998);

Hirsch and

Rades-Rohkohl (1990);
Hazen et al. (1991);
Emerson and Moyer (1997);
Alfreider et al. (2009);

Akob et al. (2007, 2008).

Caves 18to Heterotrophs (e.g. Bacteria (Proteobacteria Gounot (1994);
108 cellscnm3water oligotrophs, Mn-oxidizers,  Acidobacteria, Actinobacteria Farnleitner et al. (2005);
or sediment nitrifiers, carbonate Bacteroidetes, Chloroflexi Rusterholtz and Mallory (1994);
precipitating bacteria, Cytophagales, Firmicutes Cunningham et al. (1995);
sulfate-reducers) Gemmatimonadetes, Nitrospjra  Northup and Lavoie (2001);
Chemolithoautotrophs (e.g. Planctomycetes, Verrucomicrobia) Northup et al. (2003);
iron-, methane- and Archaea (Crenarchaeota Past et al. (2010);
sulfur-oxidizers) Euryarchaeota) Barton and Northup (2007);
Chen et al. (2009);
Engel et al. (2003, 2004).
The deep 102 to 1P cellsml  Heterotrophs (e.g. Bacteria (Proteobacteria Chapelle et al. (2002);
subsurface  groundwater! oligotrophs, thermophiles,  Acidobacteria, Actinobacterja Pedersen (1993, 1997);
=10’ cells gdw fermenters, M-fixers, Bacteroidetes, Chlorobi Madsen (2008);
rock~1 nitrifiers, sulfate- and Chloroflexi, Firmicutes O’Connell et al. (2003);

iron- reducers)
Chemolithoautotrophs (e.g.
thermophiles methanogens,

Gemmatimonadetes, Nitrospjra
Planctomycetes, Verrucomicrobia
candidate divisions)

acetogens, iron-, manganese-Archaea (Crenarchaeota

methane- and sulfur-
oxidizers)

Euryarchaeota)

Rastogi et al. (2009);
Pfiffner et al. (2006);
Haldeman et al. (1993);
Chivian et al. (2008);
Lin et al. (2006).

(Drazkiewicz, 1994). The complex spatial and kinetic rela- mentation product formed under anoxic conditions, e.g. in
tionships between aerobic and anaerobic processes in soithe centre of anoxic soil aggregates or within litter, can ac-
are regulated by rainfall and drying patterns, leaching of dis-cumulate from soil organic matter (SOM) mineralization or
solved organic carbon (DOC), and changes in oxygen condiffuse to more oxic regions where it will be rapidly con-
sumption (Kisel and Drake, 1995). Acetate, a major fer-sumed by other microorganisms in the presence of terminal

Biogeosciences, 8, 3533543 2011

www.biogeosciences.net/8/3531/2011/



D. M. Akob and K. Kiusel: Where microorganisms meet rocks in the Earth’s Critical Zone 3535

electron acceptors (TEAS), like Fe(lll), nitrate, o (KUsel nities and processes thrive in soil ecosystems due to the high
etal., 2002; Fig. 2). OM input and the availability of high-energy electron accep-
Biological complexity in the CZ correlates positively tors, e.g. oxygen and nitrate (Table 1). Variability in car-
with pore size variability. Large pores in soils allow not bon and oxygen input and consumption can lead, as in soil
only prokaryotes (Table 1) and micro-eukaryotes (Table 2),aggregates (see above), to the formation of carbon-depleted
but also higher organisms (plant roots and macrofaunajpnd anoxic or micro-oxic niches within habitats that support
to occur, although macrofauna and micro-eukaryotes in-the growth of oligotrophic or autotrophic organisms (Table 1,
habit larger pore spaces than prokaryotes (Young and Ritzig. 2). Although non-photoautotrophic microbial g@x-
2000). Prokaryotes use these smaller, inaccessible pores ation (Fig. 2) is only a minor input to the bulk soil (0.05 %
refuges from grazing by higher trophic levels, e.g. Wright of soil organic carbon), it can be important in soil microen-
et al. (1993). Pore-space size also constrains the viabilitwironments (Miltner et al., 2004, 2005).
and activity of microbes in core samples; interconnected pore In general, organisms in deeper CZ regions with little oxy-
throats>0.2 um diameter are required for sustained activity 9¢n and OM input must be well adapted to life under anoxic
(Fredrickson et al., 1997). Unlike soils, the unsaturated and@nd oligotrophic conditions. Oligotrophic conditions vary
saturated bedrock of the deep biosphere has a large, soli@d the subsurface, with some habitats experiencing little to
surface-area-to-water-volume ratio and provides little spacd0 input of fixed carbon from the surface for long periods
for water and microbes per unit volume of subsurface (Pedof time. Such sporadic input causes microbial communities
ersen, 2000). Communities in the deep subsurface includéo evolve different survival strategies than their counterparts,
prokaryotes (Table 1) and micro-eukaryotes (Table 2) withwhich experience low but constant nutrient supply in shal-
a only single report of higher fauna to date (Borgonie et al.,lower CZ ecosystems. Oligotrophic conditions can form due
2011). These organisms can live only in pores or fractured0 limited transport of OM from the surface, as the depth
and are generally cut-off from surface energy inputs. that photosynthesis-derived C travels in the CZ depends on
In addition to water and space, microorganisms also replant rooting depth, vertical water flow, and burial. There-
quire carbon, nitrogen, electron donors (carbon or inorganidore, microbes in deep regions of the CZ depend on either old
compounds), TEAs (oxygen, nitrate, sulfate, Fe(lll), etc.), OM, e.g. deposits in rocks or sediments (Krumholz, 2000),
and trace minerals. In aerobic and anaerobic metabolism®r sources of inorganic electron donors and inorganic car-
organisms generate energy (ATP) via the coupled oxidatiorPon for chemolithoautotrophic metabolism (Fig. 2). Primary
of an electron donor to the reduction of a TEA; with aer- production by chemolithoautotrophBacteriaand Archaea
obes respiring oxygen and anaerobes reducing alternativéan anchor a food chain that is independent from the sur-
TEA, e.g. nitrate, sulfur species, and metals (e.g. Fe(lll),face (Fig. 2). For example, in deep biosphere basalt and
Mn(IV), and some heavy metals) (Fig. 2). The availabil- granitic systems, acetogenic and methanogenic primary pro-
ity of these resources in the CZ depends on nutrient sourcélucers BacteriaandArchaea respectively), utilize geologi-
proximity and competition with other organisms. Competi- cally produced Hand CG for the production of acetate and
tion for scarce nitrogen, iron, and phosphorus between mimethane, respectively (Pedersen, 1997; Chapelle et al., 2002;
crobes selects for extremely nutrient efficient populationsChivian et al., 2008; Lin et al., 2006; Fig. 2). Obligately
(Madigan et al., 2000). Prokaryotes have evolved traits toanaerobic, C@reducing acetogens and methanogens use the
overcome nutrient limitations, such as chemolithoautotro-Wood-Ljungdahl (acetyl-CoA) pathway not only as a termi-
phy, nitrogen fixation or scavenging iron and other metalsnal electron accepting, energy-conserving process, but also
with siderophores. In addition, two types of microbial pop- as a mechanism for cell carbon synthesis frompQ@rake et
ulations have been identified that differ in their carbon sub-al., 2006). The methane and acetate produced then supports
strate usage: r-strategists which feed on fresh organic mattéhe growth of acetoclastic methanogens, sulfate- (SRB), and
(OM), and k-strategists which utilize remaining polymerized iron-reducing bacteria (FeRB). As secondary consumers syn-
substrates such as buried carbon (summarized in Fontaine #iesize biomass, they in turn provide a source of carbon and
al., 2003). energy for anaerobic heterotrophs (Fig. 2). Lithoautotrophy
The input source of carbon and oxygen into a CZ habitatin the deep biosphere is also driven by other energy sources.
depends on its distance from the surface. Soils have the highVhile organisms that do not require;tér photosynthesis-
est organic carbon and oxygen inputs due to rhizodepositiolerived organic carbon are rare, they may provide sufficient
from higher plants or macrofauna and proximity to the at-energy for microbial primary production (Stevens, 1997;
mosphere (as summarized in Hinsinger et al., 2009; Fig. 2)Amend and Teske, 2005) through the disproportionation of
) LT - : - - 2—
Deposited carbon fuels soil microbial communities of het- sulfur (), sulfite (SG™) or thiosulfate (803, or the ox-
erotrophic fungi and bacteria that respire the OM of freshidation of Fe(ll), 8, or 82ng with reduction of nitrate or
plant litter, dead plant roots and root exudates (Fig. 2). OMFe(lll). Alternative energy sources, e.g. metals, sulfur, etc.,
decomposition rates are affected by the source as well as bthat have accumulated from rock weathering help sustain life
community structure as different microbial communities pre-in such deep anoxic habitats. This is similar to the conditions
fer different carbon substrates. Complex microbial commu-of early Earth, where respiratory processes included sulfur or
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Table 2. Micro-eukaryote abundance and functional or phylogenetic diversity in CZ habitats.

Region Habitat Abundance Functional or phylogenetic groups References
Pedosphere Soils 1ao Protozoa (flagellates, ciliates, Beloin et al. (1988);
107 cells g dw soit 1 naked and testate amoeba) van Schdll et al. (2008);
Brad et al. (2008);
Strauss and Dodds (1997);
Lara et al. (2007);
Ekelund et al. (2001);
Adl and Gupta (2006);
Robinson et al. (2002).
>103cellsg Fungi Basidiomycota, Ascomycota Brad et al. (2008);
sediment?® Chytridomycota, Zygomycata Malloch et al. (1980);
Glomeromycota) Kurakov et al. (2008).
Unsaturated Shallow >103 cells g dw soit 1 Protozoa (flagellates, amoeba) Fliermans (1989);
bedrock subsurface  or sediment? Fungi (yeasts) Ekelund et al. (2001).
>18 cells g dw sediment
Saturated Groundwater <10° to 1P cells g dw Protozoa (flagellates, ciliates, naked Novarino et al. (1997);
bedrock ecosystems aquifer materiatl amoeba, heliozoans) Ellis et al. (1998);
<3flagellates mt?! Novarino et al. (1994);
Ekelund et al. (2001);
Loquay et al. (2009).
>652 cells cm rock? Fungi (unclassified hyphomycetes, Krauss et al. (2003, 2005);
>91 cells mlwater ! Ascomycota, Zygomycota Ellis et al. (1998);
Oomycetes Gattlich et al. (2002);
Solé et al. (2008);
Kuehn and Koehn (1988).
Caves <10Pflagellates mt in Protozoa (flagellates, ciliates, naked.oquay et al. (2009).
free water amoeba, heliozoans)
2 x 10! flagellates i1
pore water
>10Pcellsg 1 Fungi (Ascomycota, Zygomycgta  Cunningham et al. (1995);
Rhizopu} Northup and Lavoie (2001);
Elhottové et al. (2006).
The deep 0.01to Fungi (yeastsBasidiomycoty Ekendahl et al. (2003).
subsurface 1 cells mlgroundwater!  molds)

iron reduction (Madigan et al., 2000; Pace, 1997). However,Lueders, 2009). Unlike groundwater ecosystems, caves are
oxic environments can also exist in the subsurface where ragigantic pores within the CZ characterized by different types
dioactivity causes radiolysis of water (Onstott et al., 2003). of rock and are formed by geological processes such as
Groundwater and cave ecosystems require a special noghemical dissolution, erosion by water, and activity of mi-
regarding how physical complexity affects biology. Both croorganisms (Northup and Lavoie, 2001). Depending on
are distinguished from soil and subsurface habitats by havtheir connectivity to the surface and water sources, caves of-
ing no photosynthesis and for the most part, lack inputs often are not oxygen or water limited. The large size of a cave
easily available carbon (Griebler and Lueders, 2009). Whilealso provides many different microhabitats for microbes as
groundwater ecosystems in shallow and deep aquifers oftewell as space for higher organisms. Microbes can be found
share space and nutrient characteristics with the shallow anih cave water or sediments and on rock surfaces as biofilms.
deep subsurface, water flow through an aquifer can enhanclthough caves are oligotrophic, conditions can be ideal for
microbial activity by replenishing nutrients. Within aquifers, life because they have very stable physical parameters, e.g.
prokaryotes primarily live attached to surfaces, such as sedtemperature and humidity (Northup and Lavoie, 2001).
iment particles, rock surfaces, and detritus (Griebler and

Biogeosciences, 8, 3533543 2011 www.biogeosciences.net/8/3531/2011/
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3 Microbial ecology in the CZ damage repairs (survival energy). The lowest metabolic rate
of immobile, likely dormant communities with extremely

CZ habitats are estimated to harbor an unseen majority ofveak metabolisms is clearly different from that of mobile
Earth’'s biomass with the total carbon in subsurface organcommunities with greater nutrient access (Price and Sowers,
isms likely equal to that in all terrestrial and marine plants 2004). Metabolic rates per cell, corresponding to growth,
(Whitman et al., 1998). The prokaryoteBacteriaand Ar- maintenance, and survival, can differ over six orders of mag-
chaed and eukaryotes (fungi, algae, and protozoa) that thrivenitude. Classical cultivation techniques are therefore some-
in the CZ fall into numerous functional groups that are well what inappropriate to understand microbial life under ex-
suited to their habitat. Relevant functional groups in thetremely energy-depleted conditions. With this perspective,
CZ include the aforementioned aerobic and anaerobic hetnumerous methods were developed that target “unculturable”
erotrophs and chemolithoautotrophs, all of which influenceprokaryotes (Vartoukian et al., 2010), so that their role in bio-
carbon, nitrogen, sulfur, and metal cycling. The distribution, geochemical cycles can be identified.

biomass, and activity of these groups depend on the avail- Examples of the vast phylogenetic diversity and functional
ability of appropriate nutrients and energy sources in theirroles of prokaryote communities in the CZ from cultivation-

habitat. dependent and — independent studies are summarized in Ta-
ble 1. A common theme is the detection of aerobic het-
3.1 Prokaryote communities erotrophs. This is likely due to both the importance of this

functional group to CZ processes and to their ease of culti-

Understanding the role of prokaryotes in the environment has/ation. However, cultivation-independent methods demon-
long posed a challenge to scientists, as they are invisible tatrate that these organisms are but a small fraction of the to-
the naked eye. Historically, the main approach to studyingtal community in oligotrophic habitats, and new cultivation-
microbes was cultivation combined with identification based dependent methods are expanding our knowledge about other
on morphology or physiology. However, microscopic counts important functional groups. For example, the anaerobic oxi-
of bacteria are always much higher than what is recoverediation of ammonium with nitrite (Anammox), previously be-
by cultivation methods<1 % of total bacteria, Amann et al., lieved to be impossible, is now recognized as an important
1995). The advent of cultivation-independent techniques tarprocess in the marine nitrogen cycle and may be responsi-
geting small subunit ribosomal RNA molecules (SSU rRNA) ble for up to 50 % of the global removal of fixed nitrogen
has since revealed a huge phylogenetic diversity (Hugenholtfrom the oceans (Dalsgaard et al., 2005). Prokaryotes were
etal., 1998). This was a huge step forward for microbiology, recently shown to have a fourth pathway of oxygen produc-
but did little to expand our knowledge of the functional role tion that might have considerable geochemical and evolu-
of uncultured organisms. tionary importance. An enrichment culture was shown to

The fact that only<1% of all prokaryotes are cultur- couple anaerobic oxidation of methane with the reduction
able likely results from time-consuming cultivation meth- of nitrite to dinitrogen (Ettwig et al., 2010). An important
ods which traditionally use nutrient-rich media, which varies step in finding such new processes seems to be the postula-
greatly from environmental conditions. Such media is nottion of an ecological niche based on thermodynamic consid-
ideal for obtaining organisms in isolation that have spe-erations, in which various electron donors and acceptors are
cific growth requirements (e.g. specific nutrients, pH condi-combined to calculate possible combinations. Other sources
tions, incubation temperatures, or oxygen), require interacof inspiration for interesting new microbial processes can be
tions with other organisms (Vartoukian et al., 2010), or haveecological field data such as spatial or temporal profiles. As
different growth strategies such as sporadic growth (rapidresearchers have closer look into the CZ using a polyphasic
growth when conditions are ideal, followed by a senescentapproach, new discoveries should continue over the next sev-
stage), slow growth rates, or periods of dormancy (Madseneral years.
2008). Different growth strategies are important prokaryote Prokaryote abundances in the CZ tend to be highestin soils
adaptations to high habitat variability; most subsurface mi-(>10'cells g soit'1, Table 1) and decrease with depth. Ad-
croorganisms live in conditions of extreme energy limitation, ditionally, it has been estimated that a single gram of soil con-
with long generation times. Prokaryotes that survive with lit- tains at least 4000 different species (Buckley and Schmidt,
tle nutrients in ice, permafrost, the desert-like seafloor, 0r2002). Soil prokaryotes also have a high metabolic diversity;
deep subsurface groundwater has profoundly altered our pemost functional groups are found in numerous phylogenetic
spective on the limits of living organisms and their need for groups (Table 1). Many of these are important in nitrogen
energy (Price and Sowers, 2004; Chivian et al., 2008; Linand carbon cycling with aerobic or anaerobic metabolisms.
et al., 2006). These microorganisms maintain complex funcNitrogen-cycling bacteria in soils, e.gpMixers, denitrifiers,
tions at an energy flux that barely allows cell growth over and nitrifiers, play a vital role in nitrogen availability, thereby
tens to thousands of years. The energy available might onlyexerting some control on plant primary production (Buckley
be sufficient to maintain cell processes exclusive of biomasand Schmidt, 2002; Wall et al., 2010). Methanogens, methy-
production (maintenance energy) or allow macromoleculardotrophs, heterotrophs, acetogens, and,@i€ing bacteria
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contribute to the carbon cycle and fluxes of C in and out 0f2009), which produce sulfuric acid that weathers the car-
soil (Buckley and Schmidt, 2002; Kiisel and Drake, 1994, bonate bedrock of the caves (Sarbu et al., 1996). In karstic
1995; Fig. 2). caves, calcium carbonate structures are ubiquitous and mi-
In subsurface (shallow and deep) and groundwatercroorganismsBacteriaand fungi) can participate in carbon-
ecosystems, prokaryotes range in abundance fromtd0 ate mineral formation (Northup and Lavoie, 2001; Rusznyék
108 cellsgrock?, sediment!, or mligroundwater! (Ta-  etal., 2011), by precipitating carbonate using metabolic path-
ble 1). These communities include diverse phylogenetic lin-ways typically associated with photosynthesis and nitrogen
eages that have high metabolic capacities, although feweand sulfur cycling (Castanier et al., 1999).
functional groups were detected than in soils (Table 1). Sur- While prokaryotes in CZ habitats vary in abundance, de-
prisingly, prokaryote abundance in the deep subsurface ipending on depth, a common theme among them is high
similar to shallower groundwater ecosystems. From 50-phylogenetic diversity, although many phyla within the do-
4200 m below the surface, prokaryotes in deep groundwamainBacteriaare ubiquitous in the CZ. Our list is far from
ter, sediments, and rock (granite, limestone, and basaltstomplete and research is constantly expanding our knowl-
range from 18 to 1 cells migroundwater! to 1 to  edge of microbial ecology in the CZ. While cultivation-
10° cells g dw sediment! or rock~! and include aerobes and dependent techniques have revealed the metabolism of some
anaerobes (Table 1). Studies have shown that memberSZ prokaryotes, the function of the majority of CZ microbes
of many Bacteria phyla and a few novel lineages live in remains to be discovered. New techniques and efforts to cul-
groundwater ecosystems (Table 1), with communities in pris-tivate previously unculturable prokaryotes should reveal a va-
tine groundwater systems differing from surface communi-riety of new roles for prokaryotes in the CZ.
ties (Griebler and Lueders, 2009). In uranium-contaminated
subsurface sediments, microbial populations are often active3.2 Fungal communities
but metabolic activity is difficult to measure without the ad-
dition of carbon substrates to fuel anaerobic growth (Akob etFungi, heterotrophic organisms that are found in all regions
al., 2007, 2008). of the CZ, are identified by morphological characteristics,
Organisms cultivated from the deep display a wide arrayphysiology, or genetics. They have remarkably diverse phys-
of metabolic potential, including oligotrophic heterotrophs, iologies, which are summarized briefly below, but for a de-
chemolithoautotrophs, SRB and FeRB (Table 1). Whiletailed review of the potential roles of fungi in geomicrobi-
food-webs in deep continental basaltic and granitic aquiferology we refer readers to Gadd and Raven’'s (2010) excel-
are primarily driven by chemolithoautotrophy (Pedersen,lent review. Fungi in the CZ are known best in soil habi-
1997; Chapelle et al., 2002; Amend and Teske, 2005), intats, where they occur at up to3l€ells g soit 1 (Table 2) and
other deep subsurface environments, heterotrophic SRB, livinclude symbiotic mycorrhizal fungi and free-living decom-
ing at geological interfaces between sandstone and claygjosers. Mycorrhizal fungi live in association with plants as
gain energy and carbon from surrounding shale (Krumholzeither intracellular (arbuscular mycorrhizal fungi) or extra-
et al., 1997). SRB located in highly porous sandstones apeellular symbionts (ectomycorrhizal fungi) (Malloch et al.,
pear to be dependent on old carbon in shales diffusing tdl980). These organisms directly affect nutrient cycling and
their microhabitat. There is also evidence that névehaea  primary productivity in soils by decomposing SOM, taking
and Bacteriaexist in deep biosphere habitats (Takai et al., up inorganic minerals, producing plant growth substances,
2001; Lin et al., 2006; Chivian et al., 2008), suchlesul-  and improving plant nutrient absorption. Ectomycorrhizal
forudis audaxviatothe dominant organism in fracture water fungi contribute to mineral weathering in soils and shallow
collected from a 2.8 km depth in a South African gold mine. rocks, accounting for-50 % of total weathering via hyphae
It is unique as its genome contains all the genetic machintunneling or the excretion of organic acids (van Schéll et al.,
ery needed to exist in an anoxic and nutrient poor habitat2008), thereby increasing both inorganic mineral availability
e.g. genes for sulfate reduction, chemolithoautotrophy, ando other organisms and habitat availability.
N-fixation (Chivian et al., 2008). Fungi have been detected at low abundance in the shal-
Caves harbor diverse microbial and macrofaunal commuiow subsurface and groundwater (Table 2); with most reports
nities and here we will describe the microbial communities based on microscopic observations of spores or fungal hy-
in a few well-studied cave systems that differ in their mecha-phae so little is known about identities or functional roles
nism of formation. Microbial food-webs in the Movile Cave in the ecosystem (Krauss et al., 2003). However, the abun-
in Romania and the Lower Kane Cave in Wyoming, which dance of fungi was typically higher on rock material than
formed via sulfuric acid dissolution (Sarbu et al., 1996; En- in the interstitial water of an aquifer (Ellis et al., 1998; Ta-
gel et al., 2003), rely entirely on chemolithoautotrophy via ble 2). Many groups detected in groundwater were related to
methane and sulfide oxidation (Chen et al., 2009). In thesdungi that are well adapted to oligotrophic conditions (G6t-
caves, microbial mats include sulfur-oxidizing members oftlich et al., 2002). While it is likely that these organisms
the Beta (Thiobacillug, Gamma and Epsilonproteobacte- are heterotrophs, feeding on prokaryote biomass and decay-
ria (Sarbu et al.,, 1996; Engel et al., 2003; Chen et al.,ing OM, their exact functional role remains unknown. In
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cave ecosystems, fungi can contribute to calcium carbonatd Implications for future studies
crystallization (Northup and Lavoie, 2001), thereby playing
a unique role in their habitat by helping form characteristic Work on microbes within distinct CZ regions has clearly
speleothems in caves. demonstrated that they are found everywhere, can mediate a
In the deep subsurface biosphere, 200 to 450 m below sewide range of biogeochemical processes, and have distribu-
level, isolated fungi were found to be at the lowest abun-tions impacted by the physical nature of their habitat. Future
dance (Ekendahl et al., 2003) of all CZ habitats. Of thework should attempt to understand how microbial popula-
5yeast, 3yeast-like, and 17 mold strains isolated, the yeastéons influence the links between different regions of the CZ
appeared to be most well adapted to subsurface conditiongnd weathering processes. It is important to evaluate how
with small size and growth over a wide pH and tempera-microbial activity impacts fluxes of carbon, particulates, and
ture range (Ekendahl et al., 2003). The yeasts’ small sizeeactive gases between and within CZ regions. Microbes, es-
is likely an adaption to living in small pore spaces or rock pecially those involved in carbon and nitrogen cycling, are
fractures. The lower abundances of these micro-eukaryotepotential sources or sinks of carbon and gases. The effect
in the deep subsurface compared to prokaryotes, suggest thaf these microbial consumers and producers along with the
these fungi are either limited in space or nutrients or are uniransport of biomass on the flux of particulate OM needs to
able to cope with anoxia. However, a recent study showede evaluated in all regions of the CZ. It is unknown whether
that up to 2 % of fungi in soils are facultative anaerobes (Ku-microbial biomass is transported within the CZ solely by abi-
rakov et al., 2008), suggesting that anoxic conditions mayotic means, such as water flow, or via biotic strategies. Bac-
not absolutely limit fungal activity. Although this is a small teria can utilize fungal hyphae “highways” to move through
percentage of the total population, because fungi are suchoils (Kohlmeier et al., 2005) or disperse via zooplankton
important drivers of weathering, they may be playing an im-in aquatic habitats (Grossart et al., 2010), but whether these
portant role in weathering even within anoxic microzones orstrategies are used elsewhere in the CZ is unknown. Fu-

habitats. ture work should also determine if microbial activity reduces
transport, such as when microbes reduce or impede water
3.3 Protozoa in the CZ flow via biofilm or secondary mineral formation. In order to

. ) study this, it is necessary to determine the total biodiversity
Protozoa have been found in the upper CZ habitats and thelgs syrface-associated microbial communities in aquifers not
abundance decreases with depth (Table 2). Traditionally, Projust that of the more easily obtained, free-living, organisms.
tozoa were studied using morphological observations; how- Understanding weathering processes is an important goal
ever, the diversity of this group has expanded with the recenk ¢z science. Research on microbial contributions to weath-
application of molecular techniques (Finlay and Fenchel,gring has focused primarily on the role of soil microbiota
2001). In soils, the many types of protozoa collectively rangeang fungal-associated weathering processes mediated espe-
in abundance from f0to 10’ cellsgdwsoit* (Table 2). cially by ectomycorrhizal fungi, (e.g. Balogh-Brunstad and

They affect nutrient cycling by consuming bacteria, excret-gg|ier, 2010; Holmstrém et al., 2010; Schmalenberger et al.,
ing ingested nutrients directly into the soil system (Griffiths, 5q10- Bridge et al., 2010). These studies and others, (e.g.

1994), and influencing plant root growth (Bonkowski, 2004). gajogh-Brunstad et al., 2008), provide valuable insight into
In the shallow subsurface, flqg(fllates and arrloeba have begflngal weathering processes in the rhizosphere and the upper
observed at-10° celI;g dwsoif ~ or sediment” (Table 2)_- 1-2m of the CZ. As fungi also inhabit deeper regions of the
In groundwater habitats, protozoa are key predators in thesz it s necessary to assess the role of these organisms else-
microbial loop, feeding on bacteria and other protozoa, or acfyhere, especially the deep subsurfas@0 m). For lithoau-

as detritivores (Novarino et al., 1997). Although their abun-otophic microorganisms, weathering provides solutes for
dance is estimated to be low in pristine aquifers, it can beprimary production and is crucial for sustaining life, there-
as high as 18cells g dw aquifer materiaf in contaminated fore, it is important to evaluate whether they can contribute

environments (Table 2). Cultivation-independent methodsyjrectly to weathering by modifying their own microenviron-
suggest that protozoa are also present in the deep subsurfagg.i.

(Pfiffner et al., 2006), although additional work is needed to Providing a link between observed microbial populations

confirm this observation. Although a breadth of knowledge 5 geochemical processes is a key goal of microbial ecol-

details their role in soils, research documenting the COMMUy4y and is especially important for understanding complex

nity structure and functional role of protozoa in other CZ ~» processes. While molecular-based approaches and new
habitats remains limited. Protozoan community structure in.,jtivation techniques have advanced knowledge of micro-

soils appears to depend on habitat space and energy requiriy| piodiversity and allowed the study of prokaryotes in

ments (Finlay and Fenchel, 2001); we hypothesize that simiygo|ation, new “omics” technologies now provide microbial
lar constraints influence communities elsewhere in the CZ. ecologists with even better tools to understand in situ mi-

crobial communities. Genomic and metagenomic techniques
can provide information regarding the genetic potential of
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microbes (Cardenas and Tiedje, 2008), whereas proteomics in radionuclide-contaminated subsurface sediments, Appl. Envi-
can convey functional information about microbial activity ~ ron. Microb., 74, 3159-3170, 2008.

(Dill et al., 2010). For example, the ability to link genetic Alfreider, A., Vogt, C., Geiger-Kaiser, M., and Psenner, R.: Distri-
potential to geochemistry allowed for the discovery of a po-  bution and diversity of autqtrophic b.acteria in groundwater sys-
tentially unculturable organismDgsulforudis audaxviator tems based on the analysis of RubisCO genotypes, Syst. Appl.
that lives in complete isolation from surface nutrient inputs M'ka;o"fj’ _14?;/150’(12203" o KH.: Phy e identi.
(Chivian et al., 2008). Differentiating between populations mann, 1., LUdwig, V., anc SCrietter, .7 Fhylogeneric Icent

. . | le f h h fication and in situ detection of individual microbial cells without
present in an environmental sample from those that are ac- cultivation, Microbiol. Rev., 59, 143-169, 1995.

tively catalyzing observed geochemical processes has longmend, J. p. and Teske, A.: Expanding frontiers in deep subsurface
been a difficult task. However, DNA- and RNA-stable iso-  mjcrobiology, Palacogeogr. Palaeocl., 219, 131-155, 2005.
tope probing methods, which rely on the addition of a labeledAmundson, R., Richter, D. D., Humphreys, G. S., Jobbagy, E. G.,
substrate that is incorporating into cell biomass, can directly and Gaillardet, J.: Coupling between biota and earth materials in
link activity to phylogeny (Radajewski et al., 2002; Dumont the Critical Zone, Elements, 3, 327-332, 2007.

and Murrell, 2005; Manefield et al., 2002). Anderson, S. P., von Blanckenburg, F., and White, A. F.: Physical

The potential for genomics to drive polyphasic research and chemical controls on the Critical Zone, Elements, 3, 315—-
was recently revealed in the marine literature, where the ge- 319, 2007.

. fanh th hificch indicated Balkwill, D. L. and Ghiorse, W. C.: Characterization of subsur-
nomic sequence or a nyperthermop aeaindicate face bacteria associated with two shallow aquifers in Oklahoma,

the presence of gene clusters that were implicated in formate Appl. Environ. Microb., 50, 580588, 1985.

oxidatior_1 coupled to K production (Kim et al., 2010), a galogh-Brunstad, Z. and Keller, C. K.: Ectomycorrhizae-mediated
metabolism that should be thermodynamically unfavorable. pjotite weathering and K uptake (Goldschmidt Conference Ab-
By using genomic data as a guide, experiments revealed that stract), Geochim. Cosmochim. Ac., 74, p. A46, 2010.
a simple, previously unknown anaerobic respiration proces®alogh-Brunstad, Z., Keller, C. K., Gill, R. A., Bormann, B. T., and
could support growth of microorganisms. This demonstrates Li, C. Y.: The effect of bacteria and fungi on chemical weather-
how “omics” techno|ogie5 can be used to target prokaryote |n_g and cherr_ucal denudation fluxes in pine growth experiments,
functional groups and reveal new metabolic pathways for Biogeochemistry, 88, 153-167,2008. _
biogeochemical nutrient cycling. Currently, the most impor- Barton. H. A. and Northup, D. E.. Geomicrobiology in cave en-
tant challenge faced by CZ researchers is to determine the vironments: past, current and future perspectives, J. Cave Karst
. . . . Stud., 69, 163-178, 2007.
true potential and functionality of subsurface populations.

. his chall il ire both polvohasi di Beloin, R. M., Sinclair, J. L., and Ghiorse, W. C.: Distribution and
Meeting this challenge will require both polyphasic and in- activity of microorganisms in subsurface sediments of a pristine

terdisciplinary approaches to truly understand the complex- study site in Oklahoma, Microb. Ecol., 16, 85-97, 1988.

ities of CZ microbiology. Microbiology cannot quantify the Bonkowski, M.: Protozoa and plant growth: the microbial loop in

impact of microorganisms on CZ processes in isolation; only  soil revisited, New Phytol., 162, 617631, 2004.

through collaboration with geologists and geochemists carBorgonie, G., Garcia-Moyano, A., Litthauer, D., Bert, W., Bester,

we shed light on the mysteries of the CZ. A.,van Heerden, E., Moller, C., Erasmus, M., and Onstott, T. C..
Nematoda from the terrestrial deep subsurface of South Africa,
Nature, 474, 79-82, 2011.

Bott, M. H. P.: The interior of the Earth: structure and process,
Geol. Mag., 108, 555-556, 1971.

Brad, T., Braster, M., van Breukelen, B. M., van Straalen, N. M.,
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