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E ruption of volcanic rocks at the midocean ridges is the major
mechanism by which heat is lost from the interior of the
Earth. Approximately one-third of the heat is removed from the
spreading centers by convective circulation of seawater (1). The
magnitude of this heat loss requires that the entire volume of the
oceans circulates through the midocean ridges in approximately
10 million years. Seawater interaction with volcanic rocks at near
400°C results in substantial chemical flux and makes an impor-
tant contribution to buffering the composition of some elements
in seawater. Cations from seawater (Mg*2, Ca™2, and Na*) form
hydroxyl-bearing alteration minerals in the volcanic rocks, re-
leasing hydrogen ion to solution. The hot, acidic altered-
seawater releases metals (Fe, Mn, Zn, and Cu) and reduced
sulfur (H,S) from the volcanic rock; these are transported by
hydrothermal solutions to the seafloor and form metallic min-
eral deposits.

Seafloor hydrothermal vents support ecosystems with enor-
mous biomass and productivity compared with that observed
elsewhere in the deep oceans. What is the energy source that
fuels these oases of life, and what adaptations allow them to exist
in these extreme environments?

Oxidation/reduction (redox) reactions are key to supporting
chemosynthesis. The atmosphere and hydrosphere are relatively
oxidizing with an abundance of potential electron acceptors (Oa,
SO,4~, and NOy3’). In contrast, the basaltic rocks that form the
oceanic crust are relatively reduced because of the abundance of
ferrous iron. High-temperature fluid/rock interaction forms
reduced gases (HzS, H,, and CHy,) that dissolve in hydrothermal
fluid. Representative redox reactions that produce H,S include:

Mg1'5Feo'SSi206 + 0.083H+ + 0.0416804 -+ OSHZO
(Pyroxene)

= Mg, 5Si,Os[OH] + 0.167Fe;0, + 0.0416H,S
(Talc) (Magnetite) 1

Fe7SS +2H* + SO4 T = F652 + st + F€3O4 2
(Pyrrhotite) (Pyrite) (Magnetite) ° 2]

where talc serves as a proxy for a Mg hydroxide component of
alteration minerals such as chlorite and amphibole. Sulfur is a
particularly important component in the subseafloor redox cycle
because there is a transfer of eight electrons (derived from
oxidation of Fe*™? to Fe™3) in the reduction of seawater sulfate
to sulfide. Microbial reoxidation of H,S near the seafloor
releases the stored energy and drives biochemical reactions.

Serpentinization reactions also may be important in support-
ing chemosynthetic communities (2), especially at off-axis sites.
Serpentinization reactions are not limited to the high-
temperature portions of seawater circulation systems, and the H,
provided by reactions such as 3 is readily metabolizable by a
variety of microbes.

2Mg1A8FCOAZSiO4 + 2933H20 = Mg2,7FeoA3Si205[OH]4
(Olivine) (Serpentine)

+ 0.9Mg[OH], + 0.033Fe;0, + 0.033H, 3
(Brucite) (Magnetite) 3]

Reduced magmatic gases (H, and H,S) also are released directly
during intrusion and eruption of basaltic magma. Seafloor
hydrothermal systems undergo cyclic variations in temperature,
vent fluid composition, and biological activity in response to
magmatic episodes (3, 4). Volcanic events initially are followed
by relative increases in vent fluid temperature and magmatic
gases, often accompanied by decreased salinity in hydrothermal
fluids as a result of supercritical phase separation of seawater in
the subsurface (5) and faster migration of the vapor-like com-
ponent to the seafloor. Later in the cycle (on the order of a few
years) the high-salinity component of the phase-separated fluids
reaches the seafloor. The higher chloride content of these fluids
enhances metal solubility, but H>S content drops, consistent with
solubility control by metal sulfide minerals. Microbial blooms
are observed at the initiation of the magmatic cycle, suggesting
that the upper oceanic crust is inoculated with microbial com-
munities poised to exploit the chemical energy carried by
hydrothermal fluids.

Although there is a potential abundance of chemical energy,
deep-sea hydrothermal communities have had to adapt to ex-
treme conditions to exploit this resource. Of particular interest
are the hyperthermophiles, which are defined as microorganisms
able to grow at 90°C and above. About 20 different types of such
organisms are now known (6). They have been found both within
the walls of black smoker chimneys and where the hydrothermal
vent fluids mix with the surrounding seawater. Classification of
the hyperthermophiles has provided new insights into evolution
and the origin of life. All but two of the hyperthermophilic
genera are classified by ribosomal RNA analyses as Archaea
(formerly Archaebacteria), which are the second domain of
prokaryotic life, in addition to the bacteria (7). Interestingly, by
these phylogenetic analyses, the hyperthermophilic archaea and
the two hyperthermophilic bacteria are the most slowly evolving
within their domains, suggesting that life may have first evolved
when the Earth was much hotter than it is now. Such a thesis is
very controversial (8) but indicates that extant life forms are
largely the result of temperature adaptations to lower (below
hyperthermophilic) temperatures.

Evolution gives no clue, however, as to how life can thrive near
and above 100°C. Most microbes, and all eukaryotic cells, cannot
survive at temperatures much above 50°C, because of the general
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instability of biological molecules. The three-dimensional struc-
tures of most enzymes and proteins are lost at temperatures
much above 70°C, and the double-helical structure of DNA has
a comparable lack of stability in in vitro studies. There are also
a wide variety of ubiquitous metabolites that are rapidly hydro-
lyzed at temperatures above 90°C. How do hyperthermophilic
cells circumvent these problems?

Although there are some examples of modified pathways and
unusual enzymes in hyperthermophiles (9, 10), in general their
biochemistry closely resembles that of the mesophilic world. Yet,
most enzymes from hyperthermophiles are extremely stable at high
temperatures, showing optimal catalytic activity above 100°C with
virtually no activity at ambient temperature. They contain exactly
the same 20 amino acids as enzymes from conventional organisms,
so why are they so stable? Sequence comparisons of analogous
proteins from hyperthermophilic and conventional organisms are
essentially identical, so the enormous amount of sequence infor-
mation now becoming available (see www.tigr.org) will be of little
use in elucidating stabilizing mechanisms. Comparisons must be
made at the level of the three-dimensional structures. Yet, even
then, there are no gross structural differences between hyperther-
mophilic proteins and their mesophilic counterparts, and both
forms are stabilized by the same noncovalent interactions (11). The
number and extent of such interactions is generally only slightly
higher in the hyperthermophilic versions, so extended protein
stability at 100°C appears to be the result of very subtle, synergistic
and cooperative intramolecular interactions. Moreover, different
types of hyperthermophilic protein seem to have unique solutions
to the problem. A general mechanism by which any conventional
protein could be made stable and functional at temperatures above
100°C may not be forthcoming.

For DNA the stabilizing mechanisms are not quite as myste-
rious. Denaturation, depurination, and strand cleavage of DNA
are greatly minimized by the relatively high salt (Mg, K, and PO,)
concentrations typically (although not universally) found in
hyperthermophiles (12). Many of these organisms also have
histone-like proteins bound to their DNA (13) and some contain
aunique enzyme termed DNA reverse gyrase (14), both of which
may afford thermal protection. How simple organic metabolites
are stabilized, however, remains a mystery. Some may be “chan-
neled” from one enzyme to the next although it is not clear
whether this is a widespread mechanism.

Many mesophilic microbes in the hydrothermal vent environ-
ment use H,S as an energy source. This molecule is generally
highly toxic to aerobic life forms, yet dense populations of
organisms flourish in a variety of sulfide-enriched environments.
How have they evolved to deal with this extreme environment?

Hydrothermal vent communities can inhabit sulfide-rich
habitats because of evolution of detoxification mechanism that
often involve microbial symbionts. Detoxification of sulfide
through binding to blood-borne components is known in
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chemosynthetic vestimentiferans and vesicomyid clams and is
particularly well characterized for the tube worm Riftia pachy-
ptila (15, 16). The abundant respiratory hemoglobin present in
the plume of Riftia is capable of binding oxygen and sulfide
simultaneously with very high affinities. The blood transports
the respiratory hemoglobin with the tightly bound sulfide to
the internal symbiotic bacteria, providing an electron donor
for bacterial chemoautotrophy, while also protecting animal
tissue by sequestering the toxin as a bound form. Colonies of
Riftia are anchored on the rocks where hydrothermal fluid
(12-15°C) issues out onto the sea floor. At the base of their
tubes, hydrothermal fluid is enriched in H,S and CO,, but is
devoid of oxygen. The respiratory plume is extended into the
ambient (2°C), oxygen-enriched bottom water. Riftia’s unusual
microhabitat is the interface between the hydrothermal fluids
and the ambient bottom water where essential metabolites can
be taken up by the plume and transported to internal bacteria
for metabolism. The steep thermal and chemical gradients
provide access to the reduced compounds needed to fuel
growth and the oxygen needed to burn the fuel.

Tube worms associated with hydrocarbon seeps are long and
thin with internal morphology and physiology similar to Riftia.
However, they live in an environment where sulfide is present
only in the soft sediment, not in the water column. These
worms are hypothesized to acquire sulfide across a thin
extension of the posterior-most portion of the tube that
extends into the sediment (17). Rather than taking up H,S
across the plume surface, cold seep tube worms appear to
transport sulfide across the body wall.

Vesicomyid clams living in hydrothermal vents have endo-
symbiont-containing gills. Vesicomyid blood transports oxy-
gen bound to hemoglobin and contains an extracellular com-
ponent with a high sulfide binding affinity (18). In this species,
sulfide and oxygen acquisition are spatially separated. The foot
of the clam is extended down into crevices that vent sulfide-
rich water, enabling sulfide uptake and transport through the
circulatory system to gills that are bathed in oxygen-rich
seawater circulated from above. Although Bathymodiolid
mussels living at vents have retained the ability to filter feed
they also have abundant microbial symbionts located in their
gills. However, these mussels oxidize sulfide to nontoxic
thiosulfate, which is used by chemoautotrophic symbionts
rather than H,S (19).

Although various sulfide detoxification strategies have
evolved, cumulative data suggest that sulfide binding is a par-
ticularly effective detoxification mechanism for animals harbor-
ing sulfide-oxidizing symbionts. Other marine invertebrates that
have no sulfide binding protein appear to depend on sulfide
oxidation for detoxification. Both strategies allow large commu-
nities of animals to flourish in habitats that typically would be
considered inhospitable to life.
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