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Genomic markers for anaerobic microbial processes in  genic archaea become the dominant anaerobic microbial
marine sediments—sulfate reduction, methanogenesis, and  population. Autotrophic methanogens utilize hydrogen as

anaerobic methane oxidation—reveal the structure of sul-  energy source for the reduction of @ methane; special-
fate-reducing, methanogenic, and methane-oxidizing micro-  ized genera of methanogens are also capable of inter- and
bial communities (including uncultured members); they al- intramolecular disproportionation of,@nd G, carbon com-

low inferences about the evolution of these ancient  pounds (methanol, methylamines, acetate) to methane and
microbial pathways, and they open genomic windows into ~ CO, (Booneet al., 1993). Where methane and sulfate co-

extreme microbial habitats, such as deep subsurface sedi- exist (for example, at the interface of sulfate-reducing and
ments and hydrothermal vents, that are analogs for the ~ Methanogenic sediment layers, or at marine methane seeps
early Earth and for extraterrestrial microbiota. and vents), sulfate-dependent anaerobic methane oxidation

Sulfate reduction and methanogenesis are two termindfkes place; methane of biogenic origin is oxidized to,CO
anaerobic bioremineralization pathways that convert lowWith sulfate as the terminal electron acceptor (Valentine and
molecular-weight products of other bacterial processe&€eburgh, 2000). As proposed originally on the basis of
(degradation of polymers, fermentation) to C&nd meth- blpgeochemlcal field data and thermodynamlc cpns!der-
ane. Sulfate-reducing bacteria are physiologically and phytions (Hoehleet al., 1994), anaerobic methane oxidation
logenetically highly diverse (Castaval., 2000; Widdel and is carried out by syntrophic consortia of methanotrophic
Bak, 1992); they oxidize a wide variety of low-molecular- archaea and sulfate-reducing bacteria, in which the sulfate-
weight compounds (short-chain fatty acids, alcohols al_reducing partner catalyzes the electron transfer from meth-
kanes, aromatic compounds, acetate) to C marine: ane to sulfate and assimilates a portion of the methane

’ ’ 2° . . . 3
sediments, the range of sulfate-reducing bacteria is limite Xidation products (Boetiust al., 2000; Orphanet a.,

by sulfate availability. When sulfate is depleted, methano- O.O.lb.)' Methanotrophic archa_lea of different phylogenc_etlc
affiliation can form dense, highly ordered clusters with

sulfate-reducing syntrophs, or may occur in less tight asso-
1 Current Address: Department of Marine Sciences, CB # 3300, Venablgiations (Orpharet al., 2002).

Hall 12-1. University of North Carolina at Chapel Hill, Chapel Hill, NC The sulfate-reducing, methanogenic, and methane-oxi-
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unc.edu marine microbial ecosystems today are the modern descen-
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tration under Cooperative Agreement NCC 2-1266. before the photosynthetic oxygenation of the Earth’s bio-
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sphere and the appearance of free oxygen in the atmosphere
and the marine water column. Isotopic evidence for widely
expressed microbial sulfate reduction, in the form of 3'S-
depleted sedimentary sulfides, goes back to the middle and
early Proterozoic, 2.2 to 2.3 hillion years ago (Canfield et
al., 2000). The mineralization of organic matter by metha-
nogenesis, followed by methane oxidation, may even pre-
date the onset of sulfate reduction. The carbon isotopic
imprint of this process, in the form of highly **C-depleted
kerogen (6*C = —60%o), is found in late Archaean and
early Proterozoic kerogens, 2.8 hillion years old (Strauss
and Moore, 1992). This isotopic record was originaly in-
terpreted as evidence for widespread aerobic methane oxi-
dation (Hayes, 1994). Anaerobic methane oxidation is more
likely, since evidence for the stepwise and pervasive oxy-
genation of the proterozoic biosphere begins to appear only
at alater time, about 2.2 billion years ago (DesMaraiset al.,
1992).

Key Genes for Sulfate Reduction and Anaerobic
Methane Cycling

The antiquity and evolutionary significance of these mi-
crobial pathways is shown in the high degree of phyloge-
netic conservation of their key genes and key enzymes. In
sulfate-reducing prokaryotes, the aps gene codes for the key
enzyme adenosine-5’-phosphosulfate reductase, which cat-
alyzes the activation and subseguent reduction of sulfate to
sulfite (Friedrich, 2002). A second key gene of dissimilatory
sulfate reduction, dsrAB, codes for the alpha and beta sub-
units of the enzyme dissimilatory sulfite reductase, which
catalyzes the reduction of sulfite to sulfide (Wagner et al.,
1998). The dsrAB and aps genes are phylogenetically con-
served in severa deeply branching phyla of bacterial and
archaeal sulfate reducers. When specific gene transfer
events are taken into account, the dsrAB and aps genes
allow a simultaneous phylogenetic and metabolic identifi-
cation of sulfate-reducing prokaryotes (Klein et al., 2001;
Friedrich, 2002).

Coenzyme M methyl reductase is the key enzyme of
methanogenesis; it catalyzes the termina and highly exer-
gonic step of the methanogenesis pathway, the reduction
and release of the coenzyme-M-bound methyl group as free
methane. The Coenzyme M methyl reductase gene (mrcA)
is found in methanogenic archaea; it is sufficiently con-
served and consistent with 16S rRNA phylogenies to allow
the identification of methanogenic archaeal lineages in en-
vironmental samples (Springer et al., 1995; Lueders et al.,
2001; Ramakrishnan et al., 2001). At present it is not known
whether anaerobic methane-oxidizing archaea are using a
version of this enzyme for the activation and reoxidation of
methane. If anaerobic methane oxidation by archaea could
proceed through a reversal of classica methanogenesis
pathways, the Coenzyme M methyl reductase reaction

would be the most difficult and energy-demanding step to
reverse (Hoehler and Alperin, 1996). Current full-genome
sequencing efforts using purified ANME-1 and ANME-2
archaea from environmental samples are testing whether the
genomes of these methanotrophic archaea carry coenzyme
M methyl reductase genes (Orphan et al., 2002).

The Guaymas Basin Hydrothermal Vent Sites as
Model System

To search for deeply branching and (possibly) ancestral
representatives of sulfate-reducing, methanogenic, and
methane-oxidizing microorganisms and their key genes in
modern environments, we focus on hydrothermal vent hab-
itats. Hydrothermal vents represent some of the earliest and
best protected microbial habitats that may have survived
repeated environmental disturbances in the surface bio-
sphere; vents can in principle occur on every planet with
oceans and active plate tectonics or volcanism. On Earth,
hydrothermal vents sustain complex microbial ecosystems
that utilize inorganic energy sources (such as sulfide, hy-
drogen, and reduced metals) and geothermal sources of
carbon (such as methane, CO,, and geothermally synthe-
sized low-molecular-weight organic compounds) (Kelley et
al., 2002). The hydrothermally active sediments of the
Guaymas Basin (Gulf of Cdlifornia, Mexico) provide a
relatively well-studied model system for the complexity of
the microbial communities that are involved in sulfate re-
duction, methanogenesis, and methane oxidation. Cultiva-
tions, lipid biomarker analyses, 16S rRNA, and functional
gene sequencing are beginning to reveal unusually complex
microbial communities that include sulfate-reducing pro-
karyotes, methanogenic archaea, and anaerobic methanotro-
phic archaea and their sulfate-reducing syntrophs (Fig. 1).
Specifically, results of the Guaymas Basin survey (Teske et
al., 2002; Dhillon et al., unpubl.) will also help to identify
novel sulfate-reducing, methanogenic, and methane-oxidiz-
ing microorganisms in deep subsurface sediments, where
these processes are predominant (D’Hondt et al., 2002).
These anoxic environments represent analogs to subsurface
life under extraterrestrial conditions in which an inhospita-
ble surface environment might have driven microbial life
underground or never alowed its evolution within a pho-
totrophic, oxygenated biosphere.

Guaymas Basin Microbial Communities

Sulfate-reducing bacteria and archaea are dominant ter-
minal oxidizers of organic matter in the Guaymas Basin, as
shown by high rates of sulfate reduction measured over
wide temperature ranges up to about 100°C (Jorgensen et
al., 1990, 1992; Elsgaard et al., 1994; Weber and Jorgensen,
2002). Hyperthermophilic, autotrophic, or mixotrophic ar-
chaea of the genus Archaeoglobus were found by cultiva-
tion (Burggraf et al., 1990) and 16S rRNA sequencing
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Figure 1. Simplified scheme of microorganisms and their reactions (sulfate reduction, methanogenesis,
methane oxidation, sulfide oxidation) in the methane and sulfur cyclesin the Guaymas Basin hydrothermal vents.
Clockwise, sulfate-reducing bacteria and archaea (Archaeoglobus profundus), methanogenic archaea (Meth-
anopyrus kandleri), methane-oxidizing consortia, and sulfide-oxidizing bacteria (Beggiatoa spp.). Fluorescence
in situ hybridization image of anaerobic methane-oxidizing consortium, courtesy K. Knittel and A. Boetius (Max
Planck Institute for Marine Microbiology, Bremen, Germany). The bacterial and archaeal species shown here are
representatives of metabolically and phylogenetically diversified functional classes of prokaryotes. It has to be
noted that sulfate reduction and sulfate-dependent methane oxidation are almost certainly uncoupled in the
Guaymas sediments. The highly diversified sulfate-reducing prokaryotic community can oxidize a wide range of
substrates (H, and acetate are just the simplest examples), whereas methane-oxidizing syntrophs are most likely
restricted to methane oxidation intermediates provided by their archaea partners.

(Teske et al., 2002). Moderately thermophilic or mesophilic
fatty acid oxidizing sulfate reducers have been cultured
from Guaymas (Rueter et al., 1994). Surveys with 16S
rRNA detected predominantly members of the propionate-
oxidizing, acetate-producing family Desulfobulbaceae
(Teske et al., 2002) and members of the acetate-oxidizing
family Desulfobacteriaceae (Dhillon et al., 2002). A molec-
ular survey based on dsrAB genes revealed the existence of
novel sulfate reducers in the Guaymas Basin that are not
related to any cultured group of sulfate-reducing pro-
karyotes (Dhillon et al., 2003).

Methanogenic archaea in the Guaymas Basin include
hyperthermophilic, autotrophic methanogens of the genera

Methanococcus (Jones et al., 1989; Canganella and Jones,
1994) and Methanopyrus (Kurr et al., 1991), and members
of the formate-utilizing, mesophilic or moderately thermo-
philic family Methanomicrobiales (Teske et al., 2002).
Methane produced by these diverse methanogenic commu-
nities combines with the methane pool originating from
pyrolysis of organic matter buried in the Guaymas sedi-
ments; the resulting methane concentrations in the Guaymas
vent fluids are orders of magnitude higher than at non-
sedimented, bare lava vent sites (Welhan, 1988).
Anaerobic methanotrophic communities in the Guaymas
Basin include ANME-1 and ANME-2 archaea, as shown by
16S rRNA gene sequence analysis and C-isotopic analysis
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of diagnostic archaeal lipids (Teske et al., 2002). The
sulfate-reducing syntrophs in the Guaymas Basin sediments
could not be identified unambiguously by 16S rRNA se-
quencing; their *3*C-depleted membrane lipids (mono- and
diakylglycerol ethers) indicate deeply branching bacteria or
sulfate-reducing bacteria of the family Desulfosarcinales
(Teske et al., 2002). In classica ANME-2 consortia at
Hydrate Ridge and Eel River Basin, the archaeal core was
surrounded by an outer layer of sulfate-reducing bacteria of
the family Desulfosarcinales (Boetius et al., 2000; Orphan
et al., 2001a, b). In Guaymas Basin samples that yielded
ANME-2 sequences, fluorescence in situ hybridization re-
vealed a different structure; archaeal cells were intertwined
with irregular lobes of syntrophic bacteria that did not
hybridize with the probe for members of the Desulfosarci-
nales (Knittel et al., 2002). A similar structure of ANME-2
archaea intertwined with unidentified bacteria has been ob-
served in anaerobic methane-oxidizing consortia from Eel
River Basin (Orphan et al., 2002), and in the Haakon-
Mosby Mud Volcano in the Norwegian Arctic Ocean (Knit-
tel et al., 2002).

Autotrophic sulfide-oxidizing bacteria of the genus Beg-
giatoa (Nelson et al., 1989) that grow in dense mats on the
sediment surface assimilate CO, from seawater and sedi-
ments; the latter CO,, pool includes contributions from sul-
fate reduction and methane oxidation. The assimilation of
methane oxidation products by sulfur-oxidizing bacteria
appears to be highly variable. The *3C isotopic signals of
Beggiatoa biomass from hydrocarbon and methane seeps
range from typical values of about —20%o to —30%o (Sassen
et al., 1993) to strong **C depletion indicative of assimila-
tion of methane oxidation products (Paull et al., 1992). The
oxidation of sulfide and other sulfur intermediates (pro-
duced by sulfate-reducing bacteria) by Beggiatoa spp. de-
pends on the availability of oxygen or nitrate as the terminal
electron acceptor (McHatton et al., 1996). Therefore, Beg-
giatoa spp. and other free-living and symbiotic sulfide-
oxidizing bacteria that represent the basis of the food chain
at hydrothermal vents could not survive in a strictly anoxic
microbial habitat that does not receive molecular oxygen
from the photosynthetic biosphere. In this way, the Guay-
mas Basin shows the caveats and limits of early-earth or
astrobiological analogs. Also, sulfate reduction and metha-
nogenesis in the Guaymas sediments are ultimately fuelled
by high sedimentation of terrestrial organic matter and
upper water column primary production; in other words,
they depend on products of the oxygenated, photosynthetic
biosphere.

Potential of Conserved Functional Genes for Genomics

Screening a microbial community for highly conserved
key genes of sulfate reduction, methanogenesis, and meth-
ane oxidation resultsin adiversity census, with emphasis on
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taxonomy or microbial ecology. At the sametime, it reveals
the evolutionary divergence that has accumulated in these
genes since the early Proterozoic or the Archaean, and the
phylogenetic depth of these metabolismsin the bacterial and
archaeal tree of life. With a growing database, homologous
and ancestral traits of these genes, including secondary
structure motifs and conserved sites, can be found that
significantly increase our understanding of environmental
and functional constraints that have shaped the evolution of
these ancient microbia pathways and enzymes.

However, in spite of continuing primer development
(Klein et al., 2001), it is not certain whether PCR-based
approaches can reliably detect all environmental genes of
interest, in particular the most ancestral and deeply branch-
ing lineages or key genes with nonconserved primer sites.
Primer site conservation can never be taken for granted. For
example, 16S rRNA sequence motifs that were regarded as
universally conserved show substantial variation between
different bacterial lineages (Daims et al., 1999), and can
render 16S rRNA gene amplification with standard primers
impossible (Huber et al., 2002). To circumvent primer lim-
itations, surveys of PCR-accessible genes (such as dsrAB,
apsA, and mrcA) could be extended by shotgun cloning and
fosmid library construction followed by sequence analysis.
This approach also addresses the problem of phylogenetic
congruence of different marker genes with partially discor-
dant phylogenies. Proving the affiliation of different marker
genes to each other and to their host organism requires an
extensive database of pure cultures and strains, as shown for
the 16S rRNA, dsrAB and apsA genes in sulfate-reducing
prokaryotes, and their partially discordant gene trees
(Friedrich, 2002). A genomic solution has to be found if
marker genes belong to uncultured lineages in which this
ground-truthing approach is not possible. Inferences based
on co-occurrence at particular sampling locations with spe-
cific geochemical regimes cannot prove that novel phylo-
types (for example 16S rRNA and dsrAB) belong to the
same source organism (Thomson et al., 2001). Tying to-
gether such phylotypes in the absence of cultures may
require an extensive database of long genomic fragments, in
which multiple key genes serve as “phylogenetic anchors”
that identify the source organism of a larger genomic frag-
ment and its phylogenetic position in addition to its function
(Beja et al., 2000).

Acknowledgments

This study was supported by NASA Astrobiology Insti-
tute “Environmental Genomes.” Sampling at the Guaymas
hydrothermal vents was supported by NSF (LEXEN pro-
gram, Grant OCR 9714195).

Literature Cited

Beja, O., M. T. Suzuki, E. V. Koonin, L. Aravind, A. Hadd, L. P.
Nguyen, R. Villacorta, M. Amjadi, C. Garrigues, S. B. Jovanovich,



190

R. A. Feldman, and E. F. DeLong. 2000. Construction and analysis
of bacterial artificial chromosome libraries from a marine microbial
assemblage. Environ. Microbiol. 2: 516-529.

Boetius, A., K. Ravenschlag, C. Schubert, D. Rickert, F. Widdel, A.

Gieseke, R. Amann, B. B. Jgrgensen, U. Witte, and O. Pfannkuche.

2000. A marine microbial consortium apparently mediating anaero-
bic oxidation of methane. Nature 407: 623—-626.

Boone, D. R., W. B. Whitman, and P. Rouviee. 1993. Diversity and
taxonomy of methanogens. Pp. 35-80 in Methanogenesis. J. G. Ferry,
ed. Chapman and Hall, New York.

Burggraf, S., H. W. Jannasch, B. Nicolaus, and K. O. Stetter. 1990.
Archaeoglobus profundus sp. nov. represents a new species within the
sulfate-reducing archaebacteria. Syst. Appl. Microbiol. 13: 24-28.

Canfield, D. E., K. Habicht, and B. Thamdrup. 2000. The archaean
sulfur cycle and the early history of atmospheric oxygen. Science 288:
658—661.

Canganella, F., and W. J. Jones. 1994.Microbia characterization of
thermophilic archaea isolated from the Guaymas Basin hydrothermal
vent. Curr. Microbiol. 28: 299-306.

Castro, H. F., N. H. Williams, and A. Ogram. 2000. Phylogeny of
sulfate-reducing bacteria. FEMS Microbiol. Ecol. 31: 1-9.

Daims, H., A. Briihl, R. Amann, K.-H. Schleifer, and M. Wagner. 1999.
The domain-specific probe EUB338 is insufficient for the detection of
al bacteria: development and evaluation of a more comprehensive
probe set. Syst. Appl. Microbiol. 22: 434—444.

Des Marais, D. J., H. Strauss, R. E. Summons, and J. M. Hayes. 1992.

Carbon isotopic evidence for the stepwise oxidation of the Proterozoic
environment. Nature 359: 605—609.

Dhillon, A., A. Teske, J. Dillon, D. A. Stahl, and M. L. Sogin. 2003.
Molecular characterization of sulfate-reducing bacteriain the Guaymas
Basin. Appl. Environ. Microbiol. 69 (in press).

D’Hondt, S., S. Rutherford, and A. Spivack. 2002. Metabolic activity
of subsurface life in deep-sea sediments. Science 295: 2067-2070.

Elsgaard, L., M. F. Isaksen, B. B. Jgrgensen, A.-M. Alayse, and H. W.
Jannasch. 1994. Microbial sulfate reduction in deep-sea sediments at
the Guaymas basin hydrothermal vent area: influence of temperature
and substrates. Geochim. Cosmochim. Acta 58: 3335-3343.

Friedrich, M. 2002. Phylogenetic analysis reveals multiple lateral trans-
fers of adenosine-5'-phosphosulfate reductase genes among sulfate-
reducing microorganisms. J. Bacteriol. 184: 278—-289.

Hayes, J. M. 1994. Global methanotrophy at the archaean-proterozoic
transition. Pp. 220—239 in Early Life on Earth, S. Bengtson, J. Berg-
strom, V. Gonzalo, and A. Knoll, eds. Nobel Symposium, Columbia
University Press, New York.

Hoehler, T. M., and M. J. Alperin. 1996. Anaerobic methane oxidation
by a methanogen-sulfate reducer consortium: geochemical evidence
and biochemical considerations. Pp. 326—333 in Microbial Growth on
C1-Compounds, M. E. Lidstrom and F. R. Tabita, eds. Kluwer, Dor-
drecht.

Hoehler, T. M., M.J. Alperin, D.B. Albert, and C. S. Martens. 1994.
Field and laboratory studies of methane oxidation in an anoxic marine
sediment: evidence for a methanogen-sulfate reducer consortium.
Global Biogeochem. Cycles 8: 451-463.

Huber, H., M. Hohn, R. Rachel, T. Fuchs, V. Wimmer, and K. Stetter.
2002. A new phylum of Archaea represented by a nanosized hyper-
thermophilic symbiont. Nature 417: 63—67.

Jones, W. J., C. E. Stugard, and H. W. Jannasch. 1989.Comparison
of thermophilic methanogens from submarine vent sites. Arch. Micro-
biol. 151: 314-318.

Jorgensen, B. B., L. X. Zawacki, and H. W. Jannasch. 1990.Ther-
mophilic bacterial sulfate reduction in deep-sea sediments at the Guay-
mas Basin hydrothermal vents (Gulf of California). Deep-Sea Res. Part
| 37: 695-710.

Jagrgensen, B. B., M. F. Isaksen, and H. W. Jannasch. 1992Bacterial

A. TESKE ET AL.

sulfate reduction above 100°C in deep-sea hydrothermal vent systems.
Science 258: 1756-1757.

Kelley S., J. A. Baross, and J. R. Delaney. 2002.Volcanoes, fluids and
life at Mid-Ocean Ridge spreading centers. Annu. Rev. Earth Planet.
Sci. 30: 385-491.

Klein, M., M. Friedrich, A. J. Roger, P. Hugenholtz, S. Fishbain, H.
Abicht, L. L. Blackall, D. A. Stahl, and M. Wagner. 2001. Multi-
ple lateral transfers of dissimilatory sulfite reductase genes between
major lineages of sulfate-reducing prokaryotes. J. Bacteriol. 183:
6028—6035.

Knittel, K., T. Losekann, A. Boetius, T. Nadalig, and R. Amann. 2002.
Diversity of microorganisms mediating anaerobic oxidation of meth-
ane. Geochim. Cosmochim. Acta 66: A407 (Abstract).

Knoll, A. H., and D. E. Canfield. 1998. Isotopic inferences on early
ecosystems. Pp. 212-243 in |sotope Paleobiology and Paleoecology,
The Palaeontological Society Papers, Vol. 4. R. D. Norris and R. M.
Corfield, eds. Publication of the Palaeontological Society, Pittsburgh,
PA.

Kurr, M., R. Huber, H. Ko nig, H. W. Jannasch, H. Fricke, A. Trin-
cone, J. K. Kristjans-son, and K. O. Stetter. 1991. Methanopyrus
kandleri, gen. and sp. nov. represents a novel group of hyperthermo-
philic methanogens, growing at 110°C. Arch. Microbiol. 156: 239—
247.

Lueders, T., K.-J. Chin, R. Conrad, and M. Friedrich. 2001. Molec-
ular analyses of methyl-coenzyme M reductase a-subunit (mcrA) genes
in rice field soil and enrichment cultures reveal the methanogenic
phenotype of a novel archaeal lineage. Environ. Microbiol. 3: 194—
204.

McHatton, S. C., J. P. Barry, H. W. Jannasch, and D. C. Nelson. 1996.
High nitrate concentrations in vacuol ate, autotrophic marine Beggiatoa.
Appl. Environ. Microbiol. 62: 954-958.

Nelson, D. C., C. O. Wirsen, and H. W. Jannasch. 1989.Character-
ization of large autotrophic Beggiatoa abundant at hydrothermal vents
of the Guaymas Basin. Appl. Environ. Microbiol. 55: 2909-2917.

Orphan, V. J., K.-U. Hinrichs, C. K. Paull, L. T. Taylor, S. Sylva, and
E. F. DelLong. 2001a. Comparative analysis of methane-oxidizing
archaea and sulfate-reducing bacteria in anoxic marine sediments.
Appl. Environ. Microbiol. 67: 1922-1934.

Orphan, V. J., C. H. Howes, K.-U. Hinrichs, K. D. McKeegan, and
E. F. DeLong. 2001b. Methane-consuming archaea revealed by di-
rectly coupled isotopic and phylogenetic analysis. Science 293: 484—
487.

Orphan, V. J., C. H. House, K.-U. Hinrichs, K. D. McKeegan, and E. F.
DelLong. 2002. Multiple groups mediate methane oxidation in anoxic
cold seep sediments. Proc. Natl. Acad. Sci. USA 99: 7663—7668.

Paull, C. K., J. P. Chanton, A. C. Neumann, J. A. Coston, and C. S.
Martens. 1992. Indicators of methane-derived carbonates and che-
mosynthetic organic carbon deposits: examples from the Florida Es-
carpment. Palaios 7: 361-375.

Ramakrishnan, B., T. Lueders, P. F. Dunfield, R. Conrad, and M. W.
Friedrich. 2001. Archaeal community structures in rice field soils
from different geographical regions before and after initiation of meth-
ane production. FEMS Microbiol. Ecol. 37: 175-186.

Rueter, P., R. Rabus, H. Wilkes, F. Aeckersberg, F. A. Rainey, H. W.
Jannasch, and F. Widdel. 1994. Anaerobic oxidation of hydrocar-
bons in crude oil by new types of sulphate-reducing bacteria. Nature
372: 455-458.

Sassen, R., H. H. Roberts, P. Aharon, J. Larkin, E. W. Chinn, and
R. Carney. 1993. Chemosynthetic bacterial mats at cold hydrocar-
bon seeps, Gulf of Mexico continental slope. Org. Geochem. 20:
77-89.

Springer, E., M. S. Sachs, C. R. Woese, and D. R. Boone. 199%artial
gene sequences for the alpha-subunit of methy-coenzyme M reductase



GENOMIC MARKERS OF ANAEROBIC MICROBIAL PATHWAYS 191

(MCRY) as aphylogenetic tool for the family Methanosarcinaceae. Int.
J. Syst. Bacteriol. 45: 554-559.

Strauss, H., and T. Moore. 1992. Abundances and isotopic composi-
tions of carbon and sulfur species in whole rock and kerogen samples.
Pp. 709-789 in The Proterozoic Biosphere, J. W. Schopf and C. Klein,
eds. Cambridge University Press, Cambridge.

Teske, A., K.-U. Hinrichs, V. Edgcomb, A. d. V. Gomez, D. Kysela,
S. P. Sylva, M. L. Sogin, and H. W. Jannasch. 2002. Microbial
diversity of hydrothermal sediments in the Guaymas Basin: evidence
for anaerobic methanotrophic communities. Appl. Environ. Microbiol.
68: 1994—-2007.

Thomsen, T. R., K. Finster, and N. B. Ramsing. 2001. Biogeochemical
and molecular signatures of anaerobic methane oxidation in a marine
sediment. Appl. Environ. Microbiol. 67: 1646—1656.

Valentine, D. L., and W. S. Reeburgh. 2000. New perspectives on
anaerobic methane oxidation. Environ. Microbiol. 2: 477—-484.

Wagner, M., A. J. Roger, J. L. Flax, G. A. Brusseau, and D. A. Stahl.
1998. Phylogeny of dissimilatory sulfite reductases supports an early
origin of sulfate respiration. J. Bacteriol. 180: 2975-2982.

Weber, A., and B. B. Jargensen. 2002. Bacterial sulfate reduction in
hydrothermal sediments of the Guaymas Basin, Gulf of Cdlifornia,
Mexico. Deep-Sea Res. Part | 49: 827-841.

Welhan, J. A.1988. Origins of methane in hydrothermal systems. Chem.
Geol. 71: 183-198.

Widdel, F., and F. Bak. 1992. Gram-negative mesophilic sulfate-reduc-
ing bacteria. Pp. 3352—3378 in The Prokaryotes, 2nd ed. A. Balows,
H. G. Triper, M. Dworkin, W. Harder, and K.-H. Schleifer, eds.
Springer, New York.



