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Figure 1 (Color online) A global distribution of major continental boreholes that have been used for deep biosphere research. Most boreholes are only
a few hundred meters deep, and they are mainly used for oil exploration and production. A few recent ones funded by ICDP are also included. Courtesy

of Tullis Onstott for help on some borehole locations
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Figure 2 (Color online) A schematic overview of microbial distribution along depth in relation to geochemical gradients. With increased depth, mi-
crobial biomass in porewater decreases, likely due to increased temperature, pressure, and decreased porosity and nutrients. Surface and shallow sub-
surface processes are driven by photosynthesis, and surface-derived H,0, O,, '*C, and *’Cl diffuse downward. Deep subsurface processes are driven by

“geogas” (Hp, CHy, CO,, and He)l47J
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Figure 3 In-situ CO, respiration rates (in unit of moles per liter of
water per year) from various environments. These rates are only mean-
ingful for heterotrophic microorganisms. Subsurface rates were based on
groundwater geochemical analyses and modeling!*’!
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Figure 4 A negative correlation between microbial biomass and tem-

perature. Biomass is in the unit of cells/cm® (pore water) or cells/g
(rock)*!
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Figure 5 In-situ imaging of microbial cells on the surface of incubated basalt surface. (a) A visual image of incubated basalt surface showing basalt
minerals and Fe oxides (light color). Fe oxides formed as a result of in-situ incubation at 980 m below seafloor. (b) Raster-scanned deep UV fluores-

cence image showing microbial distribution on basalt surface; (c) an overlay of (a) and (b) showing microbial distribution around Fe oxides
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Figure 6 (Color online) A schematic diagram of in-situ microbial
incubation experiment
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Recent developments and future directions of deep biosphere research

Hailiang Dong

State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences, Beijing 100083, China
E-mail: dongh@cugb.edu.cn

The deep biosphere consists of microorganisms that thrive in continental and oceanic subsurface, and are independent of
photosynthesis. Subsurface microorganisms live in rock fractures and subsurface fluids, and extract nutrients and energy
from water-rock reactions. Globally, subsurface microbial biomass is comparable to total surface biomass, but its distri-
bution is extremely heterogeneous, and metabolic rate is very slow, depending on specific geological conditions. Overall,
with increased depth, microbial biomass, diversity, and activity decrease, likely because of more extreme environmental
conditions in the subsurface (increased temperature and pressure, but decreased nutrients and pore space). Surface and
shallow subsurface processes are driven by photosynthesis, and surface-derived H,O, O,, 14C, and ¥'Cl diffuse down-
ward. Deep subsurface processes are driven by “geogas” (H,, CHy, CO,, and He). Temperature is the most important
environmental condition that ultimately limits the depth of the biosphere, but this limit can be influenced by other condi-
tions, such as nutrient levels and pressure.

Limited data have shown that deep subsurface environment is dominated by bacteria (>50%) but archaea, eukaryotes
and viruses are all present. Proteobacteria and Firmicutes are two dominant bacterial phyla and their relative proportions
change with depth. In shallow and young sediments/rocks with relatively low temperature, Proteobacteria are dominant,
but in deeper and older rocks with higher temperatures, Firmicutes become more important. Archaea are also widespread
in the subsurface, and often consist of Euryarchaeota (dominantly Methanomicrobia) and Thaumarchaeota. Unlike sedi-
ments and sedimentary rocks at shallow depths where surface-derived organic matter is present, microbes in the deep
subsurface usually depend on H, as a major source of energy. H, can be derived from several pathways including radiol-
ysis of water, serpentinization of ultramafic and mafic rocks, and water splitting by highly oxidizing radicals. In addition,
methane oxidation, Fe/S oxidation, and sulfur-driven nitrate reduction may provide additional sources of energy for fuel-
ing subsurface microbes.

Subsurface microorganisms have adapted to extreme environments, and are usually anaerobic, chemolithotrophic,
thermophilic, halophilic piezophilic, oligotrophic, radiation and desiccation resistant, however, the specific survival lim-
its have remained largely elusive. Among these physiological traits, thermophilic and halophilic microbes appear to be
predominant in the subsurface. To survive in low-energy environments, subsurface microbes have evolved specialized
metabolic pathways and have developed less permeable cell membranes to minimize ion loss. Despite these evolutionary
traits, unique subsurface microbes, e.g., those with unique physiologies that are distinctly different from surface mi-
crobes, are rare. Ca. D. audaxviator, originally found in South Africa deep mines and later discovered in other continents,
is the only one that appears to be endemic to subsurface environment. Therefore, subsurface microorganisms may be
unique in the functions, but not necessarily in taxonomy.

Due to the difficulty of obtaining subsurface samples and high cost, deep biosphere research is still in early stage. A
number of important questions remain elusive such as: (1) The origin, survival, and evolution rates of subsurface micro-
organisms; (2) geological conditions that ultimately limit microbial survival in the subsurface; (3) biogeographic distri-
bution of subsurface microorganisms; (4) the microbial role in the global cycles of carbon and other elements; (5) alter-
native energy sources; (6) co-evolution of the geosphere and biosphere. To answer these questions, in-situ imaging and
isotopic tracers are some of the important tools to analyze low-biomass samples. International collaboration is needed to
coordinate sample collection and processing, to jointly analyze samples, and to share the data and samples. Among all
these, education is the key to ensure that a stable and highly interdisciplinary team of professionals are motivated to ad-
vance the subsurface microbiology investigation to the next level.

deep subsurface microbes, extreme environments, surviving boundary conditions, energy, biomass, diversity
doi: 10.1360/N972018-00766
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