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ABSTRACT 

This work utilized a multidisciplinary approach to explore the microbial biogeochemistry 

of methane cycling in the marine environment with the aim of identifying which processes were 

occurring and which microorganisms were involved, focusing on two methane-rich systems: oil-

laden, gas hydrate-bearing and/or brine-charged cold seeps in the Gulf of Mexico and the 

Hydrate Ridge deep biosphere.  The research presented here expands our knowledge of 

microbially-mediated anaerobic oxidation of methane (AOM) and associated process such as 

sulfate reduction (SR) and methanogenesis in surficial and deep methane-rich environments.  

This work confirmed that the ANME-1 and -2 clades of methanotrophic archaea are responsible 

for AOM in surficial sediments in the Gulf of Mexico and was the first to demonstrate that the 

ANMEs are also involved in the production of methane, although at a fraction of the rate of 

AOM.  Our work was the first to directly document microbial activity within gas hydrate 

material collected from the Gulf of Mexico, which suggests that microbial activity may impact 

the biogeochemical cycling of methane within the unique gas hydrate niche.  Active populations 

of both Bacteria and Archaea were observed in a methane-rich deep biosphere environment, in 

contrast to previous studies which suggest that one or the other domain is dominant.  In methane-

rich areas of the deep subsurface, ANME were detected for the first time in an area where sulfate 

levels were elevated, although AOM may be limited in the deep biosphere by the availability of 



sulfate coupled with slow growth rates.  Unlike at other cold seeps which have been studied to 

date, SR in Gulf of Mexico surficial sediments is often uncoupled from AOM and is also fueled 

by other endogenous hydrocarbons and petroleum derivatives; the identity of the microorganisms 

which mediate sulfate-dependent hydrocarbon oxidation in situ is unclear but likely includes 

members of the seep-endemic Deltaproteobacteria sulfate reducing bacterial (SRB) clades.  

Modeling approaches to determine the potential intermediate compound exchanged within 

consortia of ANME and SRB to sustain AOM and SR revealed that hydrogen, acetate and 

formate cannot sustain rates of activity that match measured values due to diffusion-limited 

removal of the intermediate compound. 
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CHAPTER 1 

 

INTRODUCTION and LITERATURE REVIEW 

  

The following introduction explains why methane is a compound worthy of study from a 

microbial biogeochemical perspective and explores the current body of knowledge regarding 

microbially-mediated methane dynamics.  The first sections provide an overview of the chemical 

and physical properties of methane as well as the importance of methane as a greenhouse gas, 

exploring how atmospheric methane has changed over geologic time.  The next sections 

summarize the contemporary global methane budget with a focus on sources and sinks.  The 

oceanic sources and sinks of methane are then discussed in more detail, detailing the processes 

and microorganism responsible for methane consumption or production.  The variety of 

methane-rich habitats in the ocean is explained and new frontiers of methane cycling research are 

described.  Finally, the last sections outline the main objectives of this work.   

 

METHANE’S PROPERTIES AND IMPORTANCE AS A GREENHOUSE GAS 

 Methane is simultaneously the most reduced form of carbon and the simplest organic 

molecule, consisting of one carbon atom covalently bonded to four hydrogen atoms.  Since it is a 

non-polar molecule, methane is only slightly soluble in water (saturation at atmospheric pressure 

is ~1.4 mM in seawater); salinity and temperature have a negative effect on methane solubility 

(YAMAMOTO et al., 1976).   

As a greenhouse gas, methane can absorb and re-emit infrared radiation.  Being roughly 

25 times more effective at trapping heat than carbon dioxide (LELIEVELD et al., 1998), another 
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greenhouse gas, methane concentration in the atmosphere can significantly influence the energy 

budget of the Earth.   Estimates indicate that methane is responsible for 20% of contemporary 

global warming (WUEBBLES and HAYHOE, 2002). Currently, the atmosphere has a methane 

concentration of almost 1.8 ppmv, which is a ~150% increase since pre-industrial times (IPCC, 

2001).   

Throughout Earth’s history, changes in the inventory of methane in the atmosphere have 

positively co-varied with increases in temperature (KASTING, 2004).  The rise in concentration of 

methane likely contributed to the warming experienced during those periods.  Some researchers 

suggest that large releases of methane from the ocean floor may have triggered the increase in 

atmospheric methane concentrations and thus driven temperature increases (DICKENS et al., 

1995; KENNETT et al., 2000; THOMAS et al., 2002).   

 

RESERVOIRS, SOURCES AND SINKS FOR METHANE 

There are several reservoirs or ‘standing stocks’ of methane on Earth.  A summary of the 

sizes of the reservoirs has been described previously (WHITICAR, 1990), although more recent 

evaluations have adjusted some pool sizes up or down.  By far the largest reservoir of methane 

(92%) occurs buried in the seafloor in the form of gas hydrates or methane clathrates (Fig.1).  

Methane clathrates are ice-like structures which trap methane and other gases within a rigid 

lattice of ice cages that form under specific temperature and pressure conditions when sufficient 

methane and water are available (KVENVOLDEN, 1993).    Some reports estimate that over 50% of 

organic matter (i.e. 10,000 gigatons of carbon, GtC) on Earth occurs as methane trapped in 

hydrate (KVENVOLDEN, 1993).  More recent estimates, however, suggest that hydrate-bound 

methane accounts for 5-22% of Earth’s organic matter (MILKOV et al., 2005).  Gas hydrates are 
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typically found on outer continental margins; these areas are characterized by low temperature, 

high pressure and sufficient methane supply from decomposing organic matter.   

 The next largest stocks of methane (7% of the total) are found in natural gas, oil, and coal 

deposits.  Methane in these deposits can originate either from thermal degradation of other 

hydrocarbons and organic matter or from biological production.  Permafrost, or terrestrial 

hydrates, contain 

3 Gt C w

although this

only 0.12% of th

total methane 

pool, melting o

permafrost would

double the 

atmospheric

methane burd

Standing stocks of methane in peat, rice paddies, and in the water columns of the world’s oceans

and lakes make up a trivial fraction (0.003%) of the global methane pool.  The last reservoir of

methane occurs in the atmosphere.  

Reservoirs of CH4 in Gt C (103 Tg)
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Figure 1.1. Reservoirs of methane on Earth, modified from (WHITICAR, 
1990) 
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Although the concentration of methane in the atmosphere is relatively low compared to 

other compounds like water vapor or carbon dioxide, it is the most abundant organic compound 

in the atmosphere, and as mentioned previously, is an important factor in Earth’s greenhouse 

warming.    The burden of methane in the atmosphere is ~5000 Tg CH4 which is 0.15% of 
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Earth’s methane reservoir (IPCC, 2000).  The average residence time of methane in the 

atmosphere is ~8 years (LELIEVELD et al., 1998). 

The flux of methane in and out of the atmospheric reservoir is dynamic and in transition. 

The most recent calculations estimate that ~600 Tg C of methane enters the atmosphere annually  

(IPCC, 2001; KVENVOLDEN and ROGERS, 2005; 

REEBURGH, 1996).  Hydroxyl molecules in the 

atmosphere scavenge the methane and convert it 

to carbon dioxide and water at the rate of 450 T

C yr-1 (CICERONE and OREMLAND, 1996).  

Aerobic methane oxidizers in soil also consume 

a fraction of atmospheric methane.   The flux of 

methane into the atmosphere is currently greater 

than the removal of methane through s

and consumption, leading to an average incr

of methane in the atmosphere of 1% per year 

(IPCC, 2001). 

g 

cavenging 

ease 

Currently, anthropogenic factors are 

cumulatively the largest source of methane to 

the atmosphere (Fig. 1.2).  Global food production is a major contributor: release of methane 

from rice cultivation contributes 18% (110 Tg C) to the flux; effluent from enteric/ruminant 

animals such as cows contributes an additional 19% (115 Tg C).  Incomplete oxidation of 

burning biomass is another significant anthropogenic source (7%) as is the release of methane 

from organic matter degradation in landfills (9%).  Finally, production of oil, gas and coal 

Sources of atmospheric CH4

Total: 600 Tg C yr-1

rice 
fields, 

110, 18%

animals, 
115, 19%

landfills, 
55, 9%

coal, 40, 
7%

oil & gas, 
25, 4%

wetlands, 
125, 20%

termites, 
20, 3%

oceans, 
15, 3%

hydrates, 
10, 2%

biomass 
burning, 
40, 7%

seeps, 
45, 8%

Figure 1.2. Sources of methane to the 
atmosphere.  Middle value indicates 
magnitude of source in Tg C per year, 
percentage value indicates percent of total 
source.  Modified from (IPCC, 2001; 
REEBURGH, 1996) 
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deposits for human energy demands results in the release of 65 Tg C (11%) to the atmosphere 

annually.  Altogether, human activities result in a flux of 385 Tg C yr-1 or 64.2% of the total 

source terms. 

Release of methane from wetlands, including bogs, swamps, ponds and tundra, make up 

the largest natural source of methane to the atmosphere at 125 Tg C yr-1 (Fig. 1.2).  Termites are 

another smaller natural source of methane, formed from the breakdown of cellulosic materials by 

gut methanogens.  The final natural sources of methane derive from oceanic and geological 

sources such as terrestrial and marine mud volcanoes, mid-ocean ridges, gas hydrates and cold 

seeps.  The contribution of seeps as a source of atmospheric methane has been revised upward to 

45 Tg C yr-1 (8% of sources) in the past few years as more data has become available on the 

extent and magnitude of methane seepage in the world’s oceans (KVENVOLDEN and ROGERS, 

2005).       

What are the processes that lead to these sources of methane to the atmosphere?  To 

understand these source terms, and how they might change, we must look at the production and 

consumption of methane in each of these systems (Fig. 1.3).  577 Tg C of methane is produced in 

rice paddies annually (Fig. 1.3A) due to the development of anoxic conditions from flooding the 

paddies and enhanced transport of the methane from the rhizosphere through the aerenchyma of 

the rice plants (SEILER, 1984).  Although aerobic microorganisms in the rice paddies consume a 

large portion of the produced methane, nearly 20% of the methane escapes to the atmosphere 

(Fig. 1.3B).  All the methane produced by husbanded animals and biomass burning enters the 

atmosphere (Fig. 1.3A).  30% of the methane produced in landfills is re-oxidized (Figs. 3A, 3B); 

new technologies are being developed and implemented to capture landfill methane for re-use as 
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an energy source.  Only 20% of the methane generated in wetlands is re-oxidized.  Half of the 

methane produced by termites is re-oxidized in the surrounding soils. 

 

Figure 1.3. Production and consumption of methane in various systems.  Modified from 
(HINRICHS and BOETIUS, 2002; REEBURGH, 1996; REEBURGH et al., 1993) 

 

Finally, 50% of methane released from marine gas seeps and hydrates, and 90% of other 

oceanic methane sources, are microbially consumed (HINRICHS and BOETIUS, 2002; REEBURGH 

et al., 1993).  The escape rate can be higher at seeps because methane can be advected out of the 

system before microorganisms have a chance to consume it.  It is striking that oceanic seeps are 

not a larger source of methane to the atmosphere, as more than 92% of methane occurs below the 

ocean floor.  The small magnitude of the oceanic seep source is due to efficient microbial 

consumption of methane in the environment (see below), preventing the release of methane to 

the hydro- or atmosphere.   It should be noted that the methane flux from the ocean is poorly 
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constrained, as there are few data about the spatial extent and magnitude of methane flux at the 

various seepage features. 

 

METHANE PRODUCTION IN THE MARINE ENVIRONMENT 

 Methane in marine sediments originates from abiotic and biotic sources.  Abiotically, 

methane can be generated in the marine environment either by the thermal degradation of buried 

organic matter (LOLLAR et al., 2002) or by the reaction of H2 and CO2 during serpentinization 

reactions of peridotite rocks (KELLEY and FRÜH-GREEN, 1999).  Organic matter deposited at the 

seafloor serves as an electron donor for a cascade of microbially-mediated redox reactions in the 

sediments, where the most energy rich electron acceptors (i.e. oxygen > nitrate > metal oxides > 

sulfate > CO2) are consumed in a predictable serial fashion based on free energy yields of the 

reactions (FROELICH et al., 1979).  In sediment diagenesis, the organic matter is decomposed to 

smaller and smaller organic compounds, eventually being “remineralized” back to inorganic 

CO2.  At the end of the redox chain, methane is formed biologically from CO2 and other low 

molecular weight organic compounds by methanogenic archaea.  Averaged globally, 

methanogenesis is responsible for about 5% of total organic carbon remineralization, although 

locally methanogenesis can be much a more important remineralization process, especially when 

sedimentation rates are high (CANFIELD et al., 2005; CRILL and MARTENS, 1986). 

 The ability to biologically produce methane is restricted to the strictly anaerobic 

methanogens which are divided into five different orders of the archaeal kingdom Euryarchaeota 

– Methanobacteriales, Methanococcales, Methanomicrobiales, Methanosarcinales, and 

Methanopyrus  (CANFIELD et al., 2005; WHITMAN et al., 1999)(Fig. 1.4).   
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Figure 1.4. Simplified phylogenetic tree of archaea, including known methanogens and groups 
involved in AOM or methane cycling.  Modified from (KNITTEL et al., 2005; RAGHOEBARSING et 

al., 2006; SCHRENK et al., 2004) 

 
The substrates for methanogenesis include one carbon (C1) compounds which are 

reduced by H2 (Eq. 1) or alcohols to methane as well as carbon compounds (including formate 

(Eq. 2), acetate (Eq. 3), carbon monoxide (Eq. 4), methanol (Eq. 5), methylamines (Eq. 6), and 

methylsulfides (Eq. 7)) which are disproportionated to methane and CO2: 

4H2 + CO2  CH4 + 2H2O    (Eq. 1) 

4HCOOH  CH4 + 3CO2 + 2H2O   (Eq. 2) 
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CH3COOH  CH4 + CO2    (Eq. 3) 

4CO + 2H2O  CH4
 + 3CO2

    (Eq. 4) 

4CH3OH  3CH4 + CO2 + 2H2O   (Eq. 5) 

4CH3NH2 + 2H2O  3CH4 + CO2 + 4NH3   (Eq. 6, methylamine) 

2(CH3)2S + 2H2O  3CH4 + CO2 + 2HS- + 2H+  (Eq. 7, dimethylsulfide) 

Comparison of the stable carbon isotopic compositions of methane and methanogenic substrate 

end-members provides a useful measurement of the relative contribution of the various 

methanogenic pathways.  In nature, methane occurs in three isotopic forms – the stable isotopes 

12C and 13C as well as the radioisotope 14C.  Biological reactions typically discriminate against 

the heavier stable isotope (13C) and select for 12C; the resulting products are enriched in 12C 

relative to 13C.  The degree of deviation (δ13C) is quantified versus a known standard (Pee Dee 

Belemnite, PDB) in the following manner: 

  δ13C = ( [(13C/12C)sample ÷ (13C/12C)PDB] – 1 ) * 103  (Eq. 8) 

The δ13C value is reported in per mil (‰) notation; compounds depleted in 13C relative to the 

standard have negative δ13C values.  Methanogenesis from CO2 is typically associated with a 

strong discrimination against 13C, as is methanogenesis from methylated-compounds, while 

methanogenesis from acetate has a weaker fractionation effect (KRZYCKI et al., 1987; WHITICAR, 

1999).  Based on the average stable carbon isotopic composition of methane in sedimentary 

environments (-50 to -100‰ vs. PDB), CO2 is the most common substrates for methanogenesis 

(although many members of the Methanosarcinales do not use this compound) followed by 

acetate, which is the dominant substrate in freshwater environments (CANFIELD et al., 2005; 

LOVLEY and KLUG, 1986; WHITICAR, 1999).  Methanogens must compete with sulfate reducers 

for some substrates like H2 and acetate (i.e. the sulfate reducers are able to keep the 
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concentrations of these compounds too low to yield energy for methanogenesis), while 

methylated compounds are thought to be non-competitive (OREMLAND and POLCIN, 1982).  

Methanogenesis is mediated by a complex series of enzymes and cofactors (Fig. 1.5), 

many of which were thought to be unique to methanogens but are now being found in other 

nonmethanogenic bacteria and archaea (HEDDERICH and WHITMAN, 2006).  Although the carbon 

source yielding the methyl group may differ between the various methanogens, the final 

biochemical step in methane production is the same in all known methanogens (FERRY, 1999; 

THAUER, 1998).  Beforehand, the methyl group is transferred to coenzyme M by the action of 

methyltetrahydromethanopterin:coenzyme M methyltransferase (if the methyl group originates 

from carbon dioxide or acetate) or by other methyltransferases (if the methyl group originates 

from methylated compounds). Methyl-coenzyme M reductase (mcr) then catalyzes the reaction 

of methyl-coenzyme M with coenzyme B by fostering the nucleophilic attack on the methyl 

group by the Ni-containing cofactor F430.  The end result is the production of methane and the 

disulfide coenzyme M:coenzyme B complex and energy conservation.  

 

MICROBIAL CONSUMPTION OF METHANE IN MARINE SEDIMENTS  

As mentioned previously, only a small fraction of the methane generated in the marine 

subsurface escapes into the water column or into the atmosphere.  Oxygen is typically consumed 

quickly in sediments by diagenetic reactions and is therefore not available to fuel aerobic 

methane oxidation by methanotrophic bacteria.  The first evidence of the anaerobic oxidation of 

methane (AOM) came from biogeochemical surveys of marine sediments, where it was observed 

that methane accumulation began just after sulfate depletion and that methane consumption 
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Figure 1.5. Methanogenic pathways from CO2 and acetate. Enzymes labeled in green. Modified 
from (BUCKEL, 1999; FERRY, 1999; HEDDERICH and WHITMAN, 2006) 
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occurred at that interface (BARNES and GOLDBERG, 1976; IVERSEN and BLACKBURN, 1981; 

IVERSEN and JØRGENSEN, 1985; MARTENS and BERNER, 1974; REEBURGH, 1980; REEBURGH and 

HEGGIE, 1977).  Stoichiometric relationships showed that methane and sulfate reduction were 

coupled according to the following net reaction (BARNES and GOLDBERG, 1976): 

CH4 + SO4
2-    HCO3

- + HS- + H2O      (Eq. 9). 

Subsequent surveys indicate that AOM and SR are coupled nearly 1:1 in “normal” diffusive 

sediments at the sulfate methane transition zone (SMTZ), although SR is also fueled by other 

carbon sources at shallower depths.  Integrated over the depth of SR, AOM accounts for roughly 

10% of SR in these settings (HINRICHS and BOETIUS, 2002).  The magnitude of AOM can be 

much higher, and the ratio versus total SR greater, at areas with high methane content, such as 

cold gas seeps, mud volcanoes, gas-charged sediments, permanently anoxic water columns, and 

at hydrothermal vents (for example, (JOYE et al., 2004; MICHAELIS et al., 2002; NIEMANN et al., 

2006; TREUDE et al., 2003)).  In fact, in some areas with high methane flux, methane can also be 

a nutritive source for macrofauna in addition to fueling microbial growth – for example, multiple 

forms of clams, mussels and worms sustain growth from symbiotic relationships with aerobic, 

methane-oxidizing bacteria (CARY et al., 1988; CAVANAUGH, 1993; FISHER, 1990; FISHER et al., 

2000).     

Initially, it was proposed that sulfate reducing bacteria (SRB) used methane as an 

additional carbon source to fuel sulfate reduction (SR).  However, no SRB has been found to 

mediate this process.  Instead, growing evidence supports the hypothesis put forward by Hoehler 

et al. (1994) that the reaction is mediated via a syntrophic relationship between a methane-

consuming organism and a sulfate-reducing organism.  The methane-consuming microorganism 

was identified first by applying culture-independent techniques to sediments from methane cold 
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seeps (HINRICHS et al., 1999).  Biomarkers typically associated with archaea, namely archaeol 

and hydroxyarchaeol, were found to be highly depleted in 13C, which could be explained by the 

incorporation of “light”, 13C-depleted methane (HINRICHS et al., 1999); contemporaneous studies 

discovered other highly depleted archaeal lipids (i.e. crocetane and 2,6,10,15,19-

pentamethyleicosane) at other cold seeps where AOM occurred (ELVERT et al., 1999).   These 

and other lipids commonly found in AOM-environments or discussed in this dissertation are 

shown in Fig. 1.6.  Using 16S rRNA-based clone libraries, the archaeon was determined to be 

phlyogenetically distantly related to the methanogenic order Methanosarcinales, forming a 

unique cluster named ANME-1 (for Anaerobic Methanotrophic; Fig. 1.4) (HINRICHS et al., 

1999).  The involvement of SRB in methane cycling was also confirmed by lipid biomarker 

approaches – non-isoprenoidal glycerol ethers and fatty acids attributable to SRB were also 

depleted in 13C (HINRICHS et al., 2000).   Using 16S rRNA-based fluorescence in situ 

hybridization (FISH) approaches, Boetius et al. (2000) were the first to visualize organized 

consortia of SRB and archaea in sediments with high AOM potential, where a shell of SRB 

belonging to the Desulfosarcina/Desulfococcus group of delta-proteobacteria surrounded an 

inner core of another archaeal group related to the Methanosarcinales, the ANME-2 (Fig. 1.4).  

The participation of both SRB and ANME in methane cycling was further supported by 

analyzing the stable carbon isotopic composition of whole cell material from the various ANME 

and SRB using FISH coupled with secondary-ion mass spectrometry (FISH-SIMS) – materials 

from both groups were highly depleted in 13C (ORPHAN et al., 2001a; ORPHAN et al., 2001b; 

ORPHAN et al., 2002).  The function of the syntrophic consortia has been confirmed by multiple 

in vitro experiments in which a 1:1 stoichiometry of AOM to SR is observed, as would be 

expected from Eq. 8 (NAUHAUS et al., 2006; NAUHAUS et al., 2002; NAUHAUS et al., 2005).   
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Figure 6. Structures of select archaeal (A-G) and bacterial (H-M) lipid biomarkers referred to in 
this dissertation. See chapters 2 and 6 for extended descriptions of these compounds. 

 

Although it is evident that ANME and SRB mediate AOM in the environment, it is still 

unclear how the reaction proceeds.  Under typical environmental conditions, the free energy 

yield of AOM coupled to SR is meager (i.e. -20 to -40 kJ/mol), and this net energy must be split 

between at least two partners.  Traditional views hold that the minimum free energy threshold for 

bacteria is around -20 kJ/mol (i.e. the amount of energy needed to generate ATP/mole H+;  

(SCHINK, 1997)); how was it possible that AOM coupled to SR could proceed?  More recent 

investigations suggest that some microorganisms have evolved mechanisms to sustain growth at 

near chemical equilibrium (JACKSON and MCINERNEY, 2002); thus, it is possible that the 

AOM/SR syntrophy utilizes similar mechanisms.   
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Another unknown in the AOM/SR syntrophy is how exactly the two processes are 

coupled.  It is unclear what the individual AOM and SR reactions are.  AOM is thought to 

proceed via a ‘reversal’ of methanogenic pathways as proposed by Hoehler and Alperin (1996).  

Some proposed reactions couples that lead to the net reaction in Eq. 9: 

Hydrogen transfer (HOEHLER et al., 1994; ZEHNDER and BROCK, 1980):    
 CH4 + 3H2O  HCO3

- + H+ + 4H2   (Eq. 10) 
 SO4

2- + 4H2 + H+  HS- + 4H2O   (Eq. 11) 
 
Acetate transfer (HOEHLER et al., 1994; ZEHNDER and BROCK, 1980): 
 CH4 + HCO3

-  CH3COO- + H2O   (Eq. 12) 
 SO4

2- + CH3COO-  2HCO3
- + HS-   (Eq. 13) 

 
Formate transfer (SØRENSEN et al., 2001): 
 CH4 + 3HCO3

-  4HCOO- + H+ + H2O  (Eq. 14) 
SO4

2- + 4HCOO- + H+  4HCO3
- + HS-  (Eq. 15) 

 
Methanol transfer (SØRENSEN et al., 2001): 
 CH4 + 1/3HCO3

- + 1/3H2O + 1/3H+  1/3CH3OH (Eq. 16)   
1/3CH3OH + SO4

2-  4/3HCO3
- + HS- + 1/3H+ (Eq. 17) 

 
Acetate and Hydrogen Transfer (VALENTINE and REEBURGH, 2000) 

2CH4 + 2H2O  CH3COO- + H+ + 4H2  (Eq. 18) 
 SO4

2- + CH3COO-  2HCO3
- + HS-   (Eq. 19) 

SO4
2- + 4H2 + H+  HS- + 4H2O   (Eq. 20) 

 

 These couples allow for exchange of compounds that (1) are already known to be 

consumed by sulfate reducers, (2) allow for free energy to be gained from the methane-oxidizing 

organism at environmentally relevant concentrations, and (3) allow for interspecies carbon 

transfer (with the exception of Eqs. 10-11) to explain how SRB cell material is depleted in 13C.  

In regards to the second point, the syntrophy would be advantageous as the SRB could keep the 

concentration of exchangeable species low enough as to thermodynamically favor AOM.   So 

far, however, none of the proposed exchangeable species have been verified.  In vitro 

experiments attempting to uncouple SR from AOM by addition of the proposed intermediates, 
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thereby short-cutting the need for syntrophy by the SRB, did not show enhanced SR rates as 

would be expected (NAUHAUS et al., 2002; NAUHAUS et al., 2005).  Theoretical calculations of 

the allowable exchangeable species based on the free energy yields associated with diffusive 

concentration gradients between two cells indicate that hydrogen is not a possible intermediate, 

although acetate or formate could be at high methane concentrations (SØRENSEN et al., 2001; 

STROUS and JETTEN, 2004; VALENTINE, 2002).   

Although it is still unclear which particular mechanism is used by anaerobic 

methanotrophs, support for the concept of ANME using a general ‘reverse’ methanogenic 

pathway comes from environmental metagenomic surveys of systems naturally enriched in 

AOM-mediating microorganisms.  A majority of genes for enzymes typically associated with 

methanogenesis (see Fig. 1.5 above), many of which are easily reversible, have been found in 

ANME genomic library sets (CHISTOSERDOVA et al., 2005; HALLAM et al., 2004; MEYERDIERKS 

et al., 2005).  A modified form of mcr is thought to catalyze the first step of the AOM reaction as 

it has structural modifications that would prevent mechanistic inhibition of the activation of 

methane (KRÜGER et al., 2003; SHIMA and THAUER, 2005); indeed, extracts of the modified 

enzyme from methanotrophic microbial mats from the Black Sea mediated AOM in proteomic 

experiments (KRÜGER et al., 2003). 

 

MARINE METHANE SEEPS AND OTHER METHANE-RICH HABITATS 

 From methane production and consumption budgets it is clear that methane dynamics in 

the ocean realm are important.  There are a variety of methane-rich environments in the ocean, 

ranging in terms of the dominant methane source (ie. biogenic, abiogenic, thermogenic) as well 
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as production and flux rates.  The following is a general description of the various methane-rich 

habitats found in the marine environment. 

Diffusive sediments 

 In “normal” marine sediments, diffusion is the sole mechanism of transport of methane 

upward from the zone of methane production.  The relatively slow advance of methane towards 

the sediment water interface (SWI) gives ample time for AOM-mediating microorganisms to 

consume the rising methane at the SMTZ, which is generally meters below the SWI, leading to 

an extremely efficient removal of methane (FOSSING et al., 2000; IVERSEN and BLACKBURN, 

1981; IVERSEN and JØRGENSEN, 1985; NIEWÖHNER et al., 1998).  Although the total production 

and consumption of methane in diffusive systems is relatively low in magnitude on a local scale, 

the aerial extent of these systems globally increase their importance as a methane sink (HINRICHS 

and BOETIUS, 2002).     

Gas-charged coastal sediments 

 In coastal zones with high organic matter input, such as estuaries, the magnitude of 

organic matter decomposition, including methanogenesis, is elevated.  The rapid production rates 

of methane lead to supersaturation and formation of methane bubbles (HOEHLER et al., 1994; 

MARTENS et al., 1999; MARTENS et al., 1986).  This can lead to the formation of bubble fronts in 

the sediment as well as the ebullition of methane gas.  Although these systems may not be highly 

advective, the rapid formation of methane leads to a shallowing of the SMTZ. 

“Cold” gas seeps 

 As opposed to hydrothermal vents, cold seeps are characterized by the advection of 

colder fluids which are charged with gas.  The gas, typically dominated by methane but also 

commonly including other higher hydrocarbons and/or carbon dioxide, can originate from deep 
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thermogenic reservoirs or from the dissociation of abundant gas hydrates, which occur at cold 

seeps under conditions of high methane availability and pressure and low temperature.  

Methanogenesis is another source of methane in these environments.  Fluid flux rates at cold 

seeps vary temporally and spatially; however, the presence of abundant and long-lived 

macrofauna (on the order of hundreds of years; (FISHER et al., 1997)) that are nutritionally 

supported by methane or AOM/SR byproducts (i.e. sulfide; including tubeworms, mussels, and 

clams with endosymbiotic sulfide oxidizing bacteria), indicates that cold seeps are quasi-

permanent features.  Fault features facilitate the movement of fluid in these systems; the fault 

networks are dynamic as old conduits become blocked by the precipitation of carbonates or gas 

hydrates (CHEN et al., 2004).   Several cold seeps have been well-documented – for instance, at 

Hydrate Ridge and the Cascadia Convergent Margin off the western coast of  the USA and 

Canada (BOETIUS and SUESS, 2004; KASTNER et al., 1995; KULM et al., 1986; SUESS et al., 

1999); on the shelves, slopes and in deep water in the Gulf of Mexico (JOYE et al., 2004; 

MACDONALD et al., 2004; MACDONALD et al., 1994; PAULL et al., 1984; ROBERTS et al., 1990); 

off the California coast in the Eel River and Santa Barbara Basins (HINRICHS et al., 1999; 

ORPHAN et al., 2004); and in the North Sea at the Tommeliten seep area (NIEMANN et al., 2005).  

A special type of cold seep – the brine seep – occurs when buoyant salt plumes intersect the 

SWI, leading to the formation of surficial “pools” of highly saline water where gas release occurs 

(JOYE et al., 2005; MACDONALD et al., 1990; MEDINAUT/MEDINETH, 2000; ROBERTS and 

CARNEY, 1997).  Rates of methane consumption are relatively high at cold seeps, although the 

efficiency of methane removal may vary if methane rapidly transits through the system 

(HINRICHS and BOETIUS, 2002; JOYE et al., 2004; TREUDE et al., 2003).     
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Pockmarks 

 Pockmarks, rounded depressions at the SWI varying in size from meters to hundreds of 

meters, are a surficial expression of a different methane-rich habitat.   Pockmarks result when 

sediment overpressure resulting from the build-up of methane or other fluids under impermeable 

layers is released, causing the surficial sediment to sink from the decreased pressure (HOVLAND 

et al., 2002).  Gas and fluid seepage may continue after pockmark formation as the buried 

reservoir continues to release; pockmarks may also represent an inactive seepage site is the 

reservoir was depleted during the outburst that formed the pockmark.  Pockmarks appear to be a 

widespread feature on continental shelves and slopes. 

Mud volcanoes 

 Like cold gas seeps, mud volcanoes represent a high methane habitat with strong 

advection.  Localized expressions of rapid but intermittent fluid expulsion are generated by 

tectonic activity (i.e. accretion, faulting) or by salt or shale compression of sediments (i.e. 

buoyant movement of buried salt, slope failures), often coinciding with areas of high 

sedimentation rates (reviewed in (MILKOV, 2000)).  Unlike gas seeps, fluidized mud is also 

expelled along with gas and water, leading to the formation of ‘volcanoes’.   Methane-cycling 

dynamics of several mud volcanoes have been described – for example, in the Gulf of Mexico 

(JOYE et al., 2005; JOYE et al., in preparation); in the northern Atlantic (NIEMANN et al., 2006; 

PIMENOV et al., 1999); and at accretionary prisms in the Mediterranean Sea (HAESE et al., 2003; 

WERNE et al., 2004).  

Hydrothermal methane seeps 

       Three types of hydrothermal systems with high methane content have been described: (1) 

thermogenically-sourced methane-rich hydrothermal seeps in an area of high organic matter 
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deposition in the Guaymas Basin in the Gulf of California (SIMONEIT and LONSDALE, 1982; 

TESKE et al., 2002), (2) abiogenically-sourced methane produced from serpentinization reactions 

at the Lost City Hydrothermal Field (LCHF) (KELLEY et al., 2001; KELLEY et al., 2005); and (3) 

thermogenically-produced methane from water-rock reactions at high temperatures at 

hydrothermal vents such as the Endeavor Field on the Juan de Fuca ridge (BAROSS et al., 1982; 

DE ANGELIS et al., 1993).  The AOM-mediating microorganisms from the thermogenically-

sourced methane habitat appear to be phlyogenetically closely related to organisms from cold 

seeps (i.e. ANME-1 and ANME-2; Fig. 1.4) although with modified lipid membranes to 

withstand high environmental temperatures (DHILLON et al., 2005; SCHOUTEN et al., 2003; TESKE 

et al., 2002).  At the LCHF, a distinct clade related to the Methanosarcinales order of 

methanogenic order but unaffiliated with ANME-1, -2, or -3 (Fig. 1.4) dominates the archaeal 

community and is likely involved in methane cycling (BRAZELTON et al., 2006; SCHRENK et al., 

2004). 

  

NEW FRONTIERS IN METHANE-CYCLING RESEARCH 

 Recent discoveries have broadened the horizon of potential habitats, mechanisms and 

diversity of organisms involved in methane consumption.        

 

AOM in the Deep Biosphere  

With the application of deep-sea drilling technologies, a window into the deep marine 

subsurface (sediments below 10 cm) has been opened, raising questions about the activity and 

diversity of microorganisms in the “deep biosphere”.   Although this zone receives low inputs of 

organic matter from primary production, rough estimates based on available data suggest that the 

 20



deep marine subsurface contains 55 - 85 % of Earth’s microbial population (WHITMAN et al., 

1998), representing between 10-30 % of Earth’s total biomass (PARKES et al., 2000; WHITMAN et 

al., 1998).   Profiles of methane and sulfate in these environments as well as activity 

measurements indicate that AOM occurs, although it is presently unclear which microorganisms 

mediate these processes.  Microbial groups typically found in surficial methane-consuming zones 

(i.e. the ANME-1, -2, and -3 clades of anaerobic methanotrophic archaea and sulfate-reducing 

bacteria related to Desulfosarcina/Desulfococcus or Desulfobulbus spp.; (KNITTEL et al., 2003; 

KNITTEL et al., 2005) are conspicuously absent from all 16S rRNA clone libraries constructed 

from deep biosphere samples to date, with the exception of one study conducted on capped 

borehole fluid collected one year after drilling, where ANME-1 related sequences were retrieved 

(LANOIL et al., 2005).   Instead, certain groups of Crenarchaeota, namely the Marine Crenarchaea 

Group I (MCGI) and the combined Marine Benthic Group B (MBGB)/Deep Sea Archaeal Group 

(DSAG; Fig. 1.4), are present in a wide range of deep biosphere samples (BIDDLE et al., 2006; 

INAGAKI et al., 2006; INAGAKI et al., 2003; SØRENSEN et al., 2004; SØRENSEN and TESKE, 2006; 

TESKE, 2006).  Measurement of stable isotopic composition of whole cells and lipid material in 

samples where these Crenarchaea are suggested to be abundant indicate that they do not 

incorporate methane-derived carbon into cellular material and are instead heterotrophic (BIDDLE 

et al., 2006).  Determining which microorganisms consume methane in the deep biosphere is still 

an active field of investigation. 

 

AOM coupled to other electrons acceptors 

 Until recently, AOM-mediating communities had only been found associated with 

sulfate-reduction, making sulfate the electron acceptor for methane oxidation.  Other electron 
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acceptors, including nitrate and iron oxides, could theoretically be coupled with methane 

oxidation based on potential free energy yields (ZEHNDER and BROCK, 1980). A recent study 

(RAGHOEBARSING et al., 2006) discovered AOM-mediating archaea associated with denitrifying 

bacteria in freshwater sediments; they occurred in consortia arrangements similar to those seen 

for ANME/DSS (KNITTEL et al., 2005).  The archaea are distantly related to the described 

ANME-2 group within the Methanosarcinales order (Fig. 1.4)(RAGHOEBARSING et al., 2006).   

Comparing the biochemistry of this new group of methanotrophs with the ANME may help 

elucidate the mechanism of anaerobic methane consumption and shed light on the syntrophic 

requirements of AOM-mediating communities.  Further investigation is also required to explore 

natural systems to document the global biogeochemical importance of this new methane 

consuming pathway and to uncover AOM linked to other electron acceptors.    

 

METHANE CYCLING: AN ANCIENT MICROBIAL PATHWAY? 

 Increasing evidence (HINRICHS, 2002; SHEN and BUICK, 2004) suggests that the 

microbially-mediated processes of sulfate reduction (SR), methanogenesis, and methane 

oxidation were predominant metabolic pathways on early Earth. Stable isotopic analyses suggest 

that SR was active by at least 3.5 Ga in localized, high sulfate environments (SHEN et al., 2001), 

although the timing of globally-distributed bacterial SR across habitats is debatable (CANFIELD et 

al., 2000; SHEN et al., 2001).  During the late Archean, when the larger ocean basins were likely 

depleted in sulfate (FARQUHAR et al., 2002; HABICHT et al., 2002), methanogenic pathways 

would have been thermodynamically favorable. A biosignature of methanogenesis, and possibly 

methanotrophy, exists in late Archean rocks in the form of isotopically depleted kerogens 

(HAYES, 1994). Although this signature was originally ascribed to aerobic methanotrophs 
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(HAYES, 1983; HAYES, 1994), anaerobic oxidation of biogenically-produced methane, 

presumably coupled to SR, provides a more robust explanation (HINRICHS, 2002), as oxygen was 

likely limiting during this time (DES MARAIS, 2000). Given the antiquity of these anaerobic 

carbon and sulfur biogeochemical cycles, an understanding of the interactions and associations 

of contemporary microorganisms mediating these processes is necessary for understanding their 

evolutionary history on early Earth. 

 

OBJECTIVES OF THE FOLLOWING DISSERTATION 

 A variety of methane-rich habitats - from the deep marine subsurface to cold seeps 

featuring mud volcanoes, brine pools, and gas hydrates - were investigated using a 

multidisciplinary approach to gain a systematic understanding of microbially-mediated methane 

dynamics in the marine subsurface. Building from other’s investigations, this work focuses on 

systems that have not been fully characterized – Gulf of Mexico oil-laden cold seeps and the 

Hydrate Ridge deep biosphere; environmental surveys as well as enrichment experiments and 

modeling are used to explore AOM.  These studies aim to define how the marine microbial 

methane filter operates – identifying which processes, microorganisms, and factors are involved.   

Other questions addressed include:    

• How are AOM and SR linked together, and how tightly? 

• Is AOM influenced by other processes such as methanogenesis? 

• What factors influence the diversity and distribution of AOM-mediating 

microorganisms? 

• What is the range of environments where AOM occurs, and why (what are the factors 

controlling AOM)? 
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Results of these studies are presented in the following six chapters (2-7) as publishable 

manuscripts.  The final chapter (8) summarizes the findings of this work.     
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Abstract 

The anaerobic oxidation of methane in aquatic environments is a globally significant sink 

for a potent greenhouse gas.  Significant gaps remain in our understanding of the anaerobic 

oxidation of methane because data describing the distribution and abundance of putative 

anaerobic methanotrophs in relation to rates and patterns of anaerobic oxidation of methane 

activity are rare.  An integrated biogeochemical, molecular ecological and organic geochemical 

approach was used to elucidate interactions between the anaerobic oxidation of methane, 

methanogenesis, and sulfate reduction in sediments from two cold seep habitats (one brine site, 

the other a gas hydrate site) along the continental slope in the Northern Gulf of Mexico.  The 

results indicate decoupling of sulfate reduction from anaerobic oxidation of methane and the 

contemporaneous occurrence of methane production and consumption at both sites.  

Phylogenetic and organic geochemical evidence indicate that microbial groups previously 

suggested to be involved in anaerobic oxidation of methane coupled to sulfate reduction were 

present and active. The distribution and isotopic composition of lipid biomarkers correlated with 

microbial distributions, although concrete assignment of microbial function based on biomarker 

profiles was complicated given the observed overlap of competing microbial processes. 

Contemporaneous activity of anaerobic oxidation of methane and bicarbonate-based 

methanogenesis, the distribution of methane-oxidizing microorganisms, and lipid biomarker data 

suggest that the same microorganisms may be involved in both processes. 
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1. Introduction 

A substantial increase in atmospheric methane concentration over the past two centuries 

has contributed to present-day global warming (IPCC, 2000).  Additional evidence links 

atmospheric methane concentrations with global-scale climate change throughout geologic time 

(HESSELBO et al., 2000; KATZ et al., 1999; THOMAS et al., 2002).  Though the largest known 

reservoirs of methane occur in marine sediments as methane hydrate (KVENVOLDEN, 1988), the 

contribution of this reservoir to the atmospheric methane pool is moderated by the anaerobic 

oxidation of methane (AOM). Rate measurements, geochemical profiles and reaction-transport 

modeling results indicate methane is consumed anaerobically using sulfate as electron acceptor 

according to the following net equation (BARNES and GOLDBERG, 1976; DEVOL et al., 1984; 

HOEHLER et al., 1994; IVERSEN and JØRGENSEN, 1985; REEBURGH, 1976): 

CH4 + SO4
2- → HCO3

- + HS- + H2O  (Eq. 1) 

Although the correlation between AOM and sulfate reduction (SR) has been observed in 

a variety of environments, the biogeochemical mechanism behind AOM remains to be 

determined (HOEHLER et al., 1994; NAUHAUS et al., 2002; SØRENSEN et al., 2001; VALENTINE 

and REEBURGH, 2000).  Phylogenetic and organic geochemical data have identified a putative 

syntrophic consortia of anaerobic methanotrophs and sulfate reducing bacteria that mediate 

AOM, but the metabolic intermediate(s) exchanged between the participating microbes is 

unknown (BOETIUS et al., 2000; ELVERT et al., 1999; HINRICHS et al., 2000; HOEHLER et al., 

1994; ORPHAN et al., 2001b). The anaerobic methanotrophs (named ANME) are 

phylogenetically related to methanogenic archaea, while the sulfate reducing bacteria are 

associated with the Desulfosarcina/Desulfococcus cluster (BOETIUS et al., 2000; KNITTEL et al., 

2003; ORPHAN et al., 2001a).  Additional molecular data suggest the involvement of multiple 
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archaeal and bacterial groups in AOM (HINRICHS et al., 2000; ORPHAN et al., 2001a; ORPHAN et 

al., 2002; PANCOST et al., 2000; TESKE et al., 2002; THOMSEN et al., 2001).  Available 16S clone 

library evidence suggests that classical methanogens are rare in ANME communities, with the 

exception of the hydrothermally-heated sediments of the Guaymas Basin (Teske et al. 2002). 

Recent genomic and proteomic data from samples naturally enriched in ANME microorganisms 

showed that they contained modified methanogenic genes and enzymes, suggesting that the 

biochemical mechanism of AOM is a reversal of the bicarbonate-based methanogenesis (Bi-

MOG) pathway (HALLAM et al., 2003; HALLAM et al., 2004; KRÜGER et al., 2003).  The question 

remains as to whether ANME microorganisms switch between AOM and methanogenesis 

(MOG) as a function of environmental conditions. 

The processes of AOM, MOG and SR may interact in a variety of ways but no previous 

work has documented patterns of these processes in comparison to microbiological and 

geochemical variables.  While a number of studies of surficial sediments have focused on 

interactions between SR and AOM (HANSEN et al., 1998; HOEHLER et al., 1994; JOYE et al., 

2004) or SR and MOG (LOVLEY and KLUG, 1986; OREMLAND and POLCIN, 1982), few have 

investigated potential interaction(s) between AOM and MOG.  Available data show that rates of 

MOG vary considerably in comparison to AOM rates.  In sediments from a barrier lagoon, (Cape 

Lookout Bight, USA), AOM occurred in sulfate-depleted sediments at ~10% the rate of Bi-

MOG; both AOM and Bi-MOG were stimulated when sediments were amended with sulfate 

(HOEHLER et al., 1994).  In contrast, in sediments from another coastal environment 

(Eckernförde Bay, Germany), AOM was limited to sulfate-containing sediments, and Bi-MOG 

rates were ~40-50% of AOM rates (TREUDE et al., submitted).  In benthic microbial mats from 

the Black Sea, Bi-MOG rates were comparable to AOM and SR rates (TREUDE, 2003); the 
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majority of archaeal biomass in these mats was associated with ANME-1 and ANME-2 (based 

on 16S clone libraries and FISH; (KNITTEL et al., 2005)).  Thus, the activity of AOM and MOG 

exhibit variability with respect to the geochemical environment, being restricted to sulfate-

depleted sediments in one case and sulfate-replete sediments in another, and the relative 

magnitude of rates of MOG to those of AOM spanned a considerable range, from 10 to 100% of 

AOM rates.  The observed variation in patterns of methanotrophic and methanogenic activities 

could result from variability in geochemical factors, microbial community structure, or 

additional, unknown factors.   

To further understand why the processes of AOM and SR appear to be tightly coupled in 

some cases (HINRICHS and BOETIUS, 2002) but only loosely coupled in others (JOYE et al., 2004), 

and to document the interaction between AOM and MOG, we investigated these processes in 

two types of cold seep habitats on the continental slope in the Northern Gulf of Mexico.  One site 

featured a brine pool, the absence of surficial gas hydrates, and a fluid flux of methane-saturated 

brine; the second site was characterized by surficial and deep gas hydrates and contemporaneous 

seepage of methane, other alkanes and oil.  We used an integrated biogeochemical, molecular 

biological and organic geochemical approach to holistically characterize the environment.  14C- 

and 35S-based radiotracer assays revealed weak coupling between AOM and SR (e.g., <1:1 

stoichiometry as would be expected from Eq. 1) and contemporaneous activity of AOM and Bi-

MOG, with Bi-MOG rates amounting to about 10% of AOM rates.  Microbial distribution and 

lipid biomarker data illustrated the abundance of putative methanotrophic Archaea, but these 

data were insufficient to determine concretely the metabolic role of these microbes since AOM 

and MOG activity overlapped.  
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2. Methods 

2.1. Study Sites and Sample Collection 

Along the continental slope in the northern Gulf of Mexico, salt tectonics generate fault 

networks that act as natural migration pathways for oil, gas, and brine fluid from deep reservoirs 

to surficial sediments (AHARON, 1994; BEHRENS, 1988; KENNICUTT et al., 1988).  When pressure 

and temperature conditions on the bottom are suitable, high gas fluxes result in gas hydrate 

formation (DICKENS, 2001; KVENVOLDEN, 1993; MILKOV and SASSEN, 2000; SLOAN, 1990).  

Seepage of gas charged brine versus oil and gas support distinct cold seep environments 

dominated by brine pools and mud volcanoes (in the former case) or gas hydrates (in the latter 

case).  Both types of cold seeps are characterized by abundant chemosynthetically-based 

communities of free-living bacteria (e.g., Beggiatoa, Thioploca, Thiomargarita) and symbiotic 

macrofauna (e.g. Lamellibranchia sp. and Escarpia sp. tube worms with thiotrophic symbionts, 

and Bathymodoilius-like mussels with methanotrophic symbionts; (MACDONALD et al., 1989; 

MACDONALD et al., 1994; MACDONALD et al., 2003; SASSEN and MACDONALD, 1994; SASSEN et 

al., 2001). 

Samples were collected during dives of the manned submersible Johnson Sea Link II 

operated from the R/V Seward Johnson II (Harbor Branch Oceanographic Institute) during the 

summer of 2002 using methods described previously (JOYE et al., 2004).  One suite of samples 

was collected at a brine-influenced seep (GC233; 27:43.3844N, 91:16.6054W, 650m water 

depth).  Seepage was dominated by gas-charged brine; no gas hydrate or oil seepage was evident 

(MACDONALD et al., 1990a; SASSEN et al., 1994).  At this site, a brine pool (~190 m2; 

(MACDONALD et al., 1990b)) was surrounded by concentric rings (3-7 m wide) of densely-

packed mussels (MACDONALD et al., 2003).  Sediment cores were collected along the outer edge 
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of the mussel bed, approximately 3-5m from the edge of the brine pool, where microbial mats 

dominated by a Thiomargarita namibiensis-relative (KALENETRA et al., 2005) were abundant.  

The second suite of samples was collected from a hydrocarbon-influenced seep in lease block 

GC232 (27:44.4566N, 91:18.9812W, 504m water depth).  The GC232 site lies approximately 4 

km west of GC233 (DE  BEUKELAER et al., 2003; SAGER et al., 2003) and was characterized by 

abundant, large (~2m in diameter) surficial gas hydrate mounds and seepage of methane and oil.  

The sediment surface was covered by a plush mat of vacuolate sulfide-oxidizing bacteria 

(Beggiatoa spp.).  Sediment push cores (7cm I.D., ~30 cm core tube length, average recovery of 

~15cm of sediment) were collected carefully using the robotic arm of the submersible.  Upon 

return to the surface, cores were transferred immediately to an environmental lab held at bottom 

water temperature (~ 8 ºC) where all subsequent processing was conducted. 

 

2.2 Core sectioning, porewater collection and analysis 

Several replicate cores were recovered from an area of about 1 m2. One replicate core 

was used for each of the following procedures: 1. porewater and solid phase analyses, 2. AOM 

and SR rates, molecular ecology and lipid biomarkers samples, and 3. MOG rates.  For 

porewater and solid phase sample collection, each core tube was fitted with a piston (black 

rubber stopper) and mounted on a hydraulic extruder.  The sediment was extruded at 2 cm 

intervals into an Argon-filled glove bag in a cold room.  At each depth interval, a 2 mL sub-

sample was collected into a cut-off syringe for dissolved methane quantification. The sediment 

was transferred immediately to a 6 mL helium-purged serum vial that contained 2 mL of helium-

purged 2M NaOH, which served to arrest biological activity in the sample, and crimp sealed with 

a butyl rubber stopper.  Another 1 mL sub-sample was collected into pre-weighed and pre-
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combusted glass vial for determination of porosity (determined by the change in weight after 

drying at 80ºC to a constant weight).  The remaining material was transferred into a PVC cup for 

attachment to a Reeburgh-type squeezer for porewater extraction (JOYE et al., 2004).  Sample 

fixation and analyses for quantifying dissolved methane (CH4), sulfide (HS-), sulfate (SO4), 

chloride (Cl-) and bicarbonate (DIC or HCO3
-) followed the methods of Joye et al. (2004). 

Samples for volatile fatty acids analysis, primarily for acetate (CH3COO-), were filtered (0.2 µm) 

and stored frozen until quantification using HPLC (ALBERT and MARTENS, 1997).   

  

2.3 Rate Measurements  

To determine AOM and SR rates, 1 to 6 sub-cores (30 cm long x 2.54 cm i.d.) were 

collected from a core (7 cm i.d.) by manual insertion.  Each plexiglass sub-core had pre-drilled, 

silicone-sealed injection ports at 1 cm intervals along one side of the core.  The water phase 

overlying the core was maintained during sub-coring and the ends of the core tubes were sealed 

securely with black rubber stoppers.  For AOM, 100 µL of dissolved 14CH4 tracer (about 35,000 

dpm in slightly alkaline milliQ water) was injected into each silicone-filled port.  Cores were 

incubated for 12 hours at bottom water temperature (8º C).  Following incubation, cores were 

extruded and sub-samples were collected at 1 cm intervals and immediately transferred to 20 mL 

glass vials containing 2 mL of 2M NaOH (which served to arrest biological activity and fix 14C-

CO2 and 14C-HCO3
-).  Each vial was sealed with a teflon-lined screw cap, vortexed to mix the 

sample and base, and immediately frozen.  Time zero samples were fixed immediately after 

tracer injection.  The specific activity of the tracer (14CH4) was determined by injecting 100 µL 

directly into scintillation cocktail (Scintiverse BD) followed by liquid scintillation counting 

(JOYE et al., 1999).  The accumulation of 14C product (14CO2) was determined by acid digestion 
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following the method of Joye et al. (1999; 2004).  The AOM rate was calculated using equation 

2: 

AOM Rate = [CH4] x αCH4 /t x (a-14CO2/a-14CH4)   (Eq. 2) 

Here, the AOM Rate is expressed as nmol CH4 oxidized per cm3 sediment per day (nmol cm-3 d-

1), [CH4] is the methane concentration (µM), αCH4 is the isotope fractionation factor for AOM 

(1.06; (ALPERIN and REEBURGH, 1988)), t is the incubation time (d), a-14CO2 is the activity of the 

product pool, and a-14CH4 is the activity of the substrate pool.   

For SR rate measurements, each port was injected with 100 µL of slightly alkaline milliQ 

water containing about 2 µCi of Na2
35SO4.  Cores were incubated and sectioned as described 

above.  Each section was transferred to a 50 mL centrifuge tube containing 10 mL of 20% zinc 

acetate to halt microbial activity and fix H2
35S as Zn35S.  The accumulation of H2

35S product was 

recovered in a one-step hot chromous acid digestion (CANFIELD et al., 1986; FOSSING and 

JØRGENSEN, 1989).  The activity of ZnS and sulfate fractions was determined by scintillation 

counting. The sulfate reduction rate was calculated using equation 3: 

SR Rate = [SO4]  x  αSO4/t  x  (a-H2
35S/a-35SO4)     (Eq. 3) 

The SR rate is expressed as nmol SO4 reduced cm-3 d-1, αSO4 is the isotope fractionation factor 

for sulfate reduction (1.06; (JØRGENSEN, 1978)), [SO4] is the pore water sulfate concentration 

(mM), t is incubation time (d), a-H2
35S is the activity of the product pool, and a-35SO4 is the 

activity of the substrate pool.   

Rates of Bi-MOG and acetoclastic methanogenesis (Ac-MOG) were determined by 

incubating samples in gas-tight, closed-tube vessels without headspace, to prevent the loss of 

gaseous 14CH4 product during sample manipulation.  For collection of sub-samples, a 

polycarbonate manifold containing 8 pre-drilled holes that were slightly larger than the diameter 
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of the sample tubes was placed on top of the sediment core.  The sediment was extruded into the 

manifold at 2cm intervals and then a stainless steel blade was inserted at the base of the device to 

isolate the section from the remaining sediment.   Next, 6-8 glass tubes (20ml Pyrex® Hungate 

culture tubes with the rounded end removed) were inserted through the pre-drilled holes into the 

sediment, stopping at the blade.  Tubes were sealed using custom-designed plungers (black 

Hungate stoppers with the lip removed containing a plastic “tail” that was run through the 

stopper) were inserted at the base of the tube; the sediment was then pushed via the plunger to 

the top of the tube until a small amount protruded through the tube opening.  A butyl rubber 

septa was then eased into the tube opening to displace sediment in contact with the atmosphere 

and close the tube, which was then sealed with a open-top screw cap.  The rubber materials used 

in these assays were boiled in 1N NaOH for 1 hour, followed by several rinses in boiling 

milliQ®, to leach potentially toxic substances.     

A volume of radiotracer solution (100 µL of 14C-HCO3
- tracer (~1 x 107 dpm in slightly 

alkaline milliQ® water) or 1,2-14C-CH3COO- tracer (~5 x 106 dpm in slightly alkaline milliQ® 

water)) was injected into each sample.  Samples were incubated as described above and then 2 

ml of 2N NaOH was injected through the top stopper into each sample to terminate biological 

activity (time zero samples were fixed prior to tracer injection).  Samples were mixed to evenly 

distribute NaOH through the sample.  Production of 14CH4 was quantified by stripping methane 

from the tubes with an air carrier, converting the 14CH4 to 14CO2 in a combustion furnace, and 

subsequent trapping of the 14CO2 in NaOH as carbonate (CRAGG et al., 1990; CRILL and 

MARTENS, 1986).  Activity of 14CO2 was measured subsequently by liquid scintillation counting.  

The rates of Bi-MOG and Ac-MOG rates were calculated using equations 4 and 5, respectively: 

Bi-MOG Rate = [HCO3
-] x αHCO3/t x  (a-14CH4/a-H14CO3

-)     (Eq. 4) 
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Ac-MOG Rate = [CH3COO-] x αCH3COO-/t  x  (a-14CH4/a-14CH3
14COO-)     (Eq. 5) 

Both rates are expressed as nmol HCO3
- or CH3COO-, respectively, reduced cm-3 d-1, αHCO3 and 

αCH3COO- are the isotope fractionation factors for MOG (assumed to be 1.06; (GELWICKS et al., 

1994; KRZYCKI et al., 1987)). [HCO3
-] and [CH3COO-] are the pore water bicarbonate (mM) and 

acetate (μM) concentrations, respectively, t is incubation time (d), a-14CH4 is the activity of the 

product pool, and a-H14CO3 and a-14CH3
14COO are the activities of the substrate pools.   

 

2.4. Microbial Distribution 

The abundance and associations of specific microbial groups were evaluated using 

fluorescence in situ hybridization (FISH) techniques that targeted 16S rRNA (PERNTHALER et al., 

2002).  Due to high background fluorescence from oil in sediment preparations (for example, see 

Fig. 2.3A), mono-labeled fluorescent oligonucleotide probes were not sensitive enough for 

robust detection of microbes; thus, a immunochemical-based FISH protocol was used to increase 

signal intensity (PERNTHALER and AMANN, 2004).  In catalyzed reporter deposition FISH 

(CARD-FISH; also described elsewhere as the tyramide signal amplification (TSA) system; 

(SCHÖNHUBER et al., 1997)), multiple copies of fluorescently-labeled tyramide molecules bind to 

oligonucleotide probes bound with horseradish peroxidase (HRP), which increases the 

fluorescent label per copy of rRNA in the target cells relative to mono-labeled FISH. 

Sediment samples for cell counts and FISH were fixed in 3.7% formaldehyde buffered in 

1xPBS (140mM NaCl, 10mM sodium phosphate, pH 7.6) for 4-8 hours at 4oC, washed in 

1xPBS, and subsequently stored in 1:1 1xPBS:ethanol (EtOH) at -20oC until analysis (BOETIUS 

et al., 2000). Immobilization of cells on filters for hybridization followed methods described 

previously (BOETIUS et al., 2000). Total cell abundance of single cells and cells in aggregates 
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(estimated by dividing aggregate size by average size of spherical cells in aggregate) was 

determined using acridine orange direct counting (ORCUTT et al., 2004).  

The application of FISH probes and amplification of the fluorescence signal followed the 

methods of Pernthaler et al. (2002), as modified for sediment applications.  Hybridization filters 

were covered in a thin layer of 0.1% (wt/vol) low-melting point agarose (MetaPhor, Bioproducts, 

Rockland, Maine), dried at 46oC for 1 hour, dehydrated with 80% EtOH and dried at room 

temperature (RT).  Endogenous peroxidases in fixed cells were inactivated by incubating filters 

in 0.01M HCl for 10 min. at RT.  Permeabilization of microbial cell walls was required to permit 

passage of the large HRP-labeled rRNA probes into the cells; these procedures did not 

compromise the integrity of the cell structure.  Filters were briefly washed in 1xPBS, incubated 

in SDS solution (0.5% [wt/vol] sodium dodecyl sulfate in 1xPBS) for 8 min. at RT, washed 

again in 1xPBS, incubated in fresh lysozyme solution (0.05M EDTA, 0.1M Tris (pH 8), 10 mg 

ml-1 lysozyme) for 1 hour at 37oC, serially washed in 1xPBS, MilliQ water, and 80% EtOH and 

then dried at RT.  This permeabilization strategy resulted in robust enumeration of sediment 

Archaea and Bacteria with minimal increase in background fluorescence, loss of target cells, or 

unspecific binding of rRNA probes (data not shown).  

Hybridization protocols were performed as described previously (PERNTHALER et al., 

2002). Filter sections were incubated in appropriate hybridization buffers (900mM NaCl, 20mM 

Tris-HCl, varying concentrations of formamide (FA; 99.9% molecular biology grade, see below 

for percentage used), 1% blocking reagent (Roche, Basel, Switzerland), 10% [wt./vol] dextan 

sulfate) with HRP-labeled probes (Thermo Biosciences GmbH, Germany; ~27 pmol ml-1 final 

concentration) at 35oC for 2 hours with gentle mixing. Probes and corresponding FA 

concentrations in hybridization buffers used were as follows: EUB338 I-III (DAIMS et al., 1999) 
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for Bacteria (55% FA), ARCH915 (AMANN et al., 1990) for Archaea (55% FA), ANME1-350 

(BOETIUS et al., 2000) for the ANME1 clade of  Euryarchaeota (40% FA), EelMSX932 

(BOETIUS et al., 2000) for the ANME2 clade of Euryarchaeota (40% FA), DSS658 (MANZ et al., 

1998) for the Desulfosarcina spp./Desulfococcus spp./Desulfofrigus spp./Desulfofaba spp. clades 

of sulfate reducing δ-Proteobacteria (55% FA), and NON338 (WALLNER et al., 1993) as a non-

sense negative control probe to check for unspecific binding (55% FA).  Background signal from 

the nonsense probe NON338 was negligible, and thus, is not reported. Probe specificity was 

verified by hybridization in samples of defined microbial composition. Synthesis of 

fluorescently-labeled (Cy3, carboxyfluorescein, Alexa546 and Alexa488 dyes) tyramides followed 

the method of Hopman et al. (1998); application of tyramide to hybridized samples followed the 

method of Pernthaler et al. (2002).  To simultaneously visualize multiple microbial groups, 

hybridization and fluorescence labeling was carried out in sequence using probes labeled with 

different fluorescent dyes.  Each probe was applied, hybridized, and then signal amplified.  Then, 

the HRP-label was inactivated by incubating in 0.01M HCl for 10 min. at RT followed by a 

1xPBS wash.  The next hybridization was performed in a similar manner.   

Hybridized filters were covered with 4’,6’-diamidino-2-phenylindole (DAPI)-amended 

mounting solution (1 part 1xPBS, 5.5 parts Citifluor mountant, 1 part Vecta Shield mountant, 2 

μg ml-1 DAPI) for total cell enumeration.  Cell counts using DAPI was comparable to 

measurements using AODC (data not shown).  Roughly 40 fields (1000-1600 DAPI cells) were 

examined for each sample/probe combination to determine average cell counts.  Percentages of 

each microbial group were determined by the representative proportion of hybridized cells to 

DAPI cells per field.   Samples were visualized under 1000x oil-immersion magnification using 

an Axioplan II Zeiss epifluorescence microscope equipped with an HBO 100-W Hg vapor lamp, 
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with appropriate filters sets for Cy3 and Alexa546 (Chroma, Brattleborough, Conn.), 

carboxyfluorescein and Alexa488 (Zeiss09; Zeiss, Germany), and DAPI (Zeiss01; Zeiss, 

Germany) fluorescence.   

 

2.5. Lipid biomarkers 

Lipid biomarkers were extracted from ~1.4 g wet sediment and analyzed according to 

previously described methods (BOETIUS et al., 2000; ELVERT et al., 2003; ELVERT et al., 2001).  

Briefly, total lipids were extracted following ultrasonification in methanol/dichloromethane.  The 

total lipid extract (TLE) was saponified with 6% KOH in methanol; neutral lipids were removed 

from the saponified TLE by extraction with n-hexane.  Fatty acids were obtained from the 

remaining TLE phase by acidification to pH 1 and subsequent extraction with n-hexane. 

Carboxylic (fatty) acid methyl esters (FAMES) were generated from the fatty acids by reaction 

with 14% BF3 in methanol and subsequent re-extraction with n-hexane.  Alcohol lipid fractions 

were obtained from the neutral lipid extract using liquid chromatography separation on a column 

of activated silica suspended in dichloromethane.  Alcohol derivatives were generated by 

reaction with pyridine and BSTFA.  Lipid biomarkers were identified by coupled gas 

chromatography-mass spectrometry (GC-MS) using a Thermoquest Trace GC interfaced to a 

Finnigan Trace MS.  Compounds were identified by comparison with mass spectra from known 

compounds.  Carbon isotopic compositions of individual biomarkers were determined by 

coupled gas chromatography-isotope ratio mass spectrometry (GC-IRMS) using HP 6890 Series 

GC interfaced via a Finnigan Combustion Interface III to a Finnigan Delta plus mass 

spectrometer.  The reported biomarker δ13C values have an analytical error of ± 1.0 ‰ and have 

been corrected for the introduction of additional carbon atoms during derivitization. 
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3. Results 

3.1. Methane turnover and sulfate reduction 

In sediments collected from a microbial mat at the edge of the brine pool (GC233, 

(MACDONALD et al., 2003)), methane concentrations were well below saturation (<30μM; Fig. 

2.1A) and AOM rates were very low (<2 nmol cm-3 d-1; Fig. 2.1A), despite high turnover rates 

for 14C-methane (~10% turnover in 12 hours).  Dissolved inorganic carbon (HCO3
-) 

concentration increased steadily with depth, reaching a maximum of 14 mM between 10-12 cm 

(Fig. 2.1B).  Rates of Bi-MOG increased with depth but were low (<0.4 nmol cm-3 d-1; Fig. 

2.1B).  Both acetate concentrations and rates of Ac-MOG were also low in these sediments (Fig. 

2.1C).  The SR rates, in contrast, were extremely high between 2 and 8 cm (>3.5 μmol cm-3 d-1; 

Fig. 2.1D).  The sulfate concentration decreased from 26 to 15 mM over 10 cm (Fig. 2.1D). 

Sulfide (H2S) gradually increased from 0.2 mM at the surface to 7 mM at 11 cm (Table 2.1).  

Although these sediments were collected from a brine seep, the pore water chlorinity (Cl-) did 

not increase markedly with depth (Table 2.1), showing that the core did not penetrate into brine.  

Averaged over the top 10 cm, AOM and SR rates were 0.1 and 154 mmol m-2 d-1, respectively, 

and the Bi-MOG rate was 4.8 μmol m-2 d-1. 

In contrast to the brine site, sediments collected from a gas hydrate site (GC232) 

contained significant concentrations of methane (<1.5 mM; Fig. 2.2A), though still below in situ 

saturation values (~80 mM). The peak in methane concentration at 5-7 cm coincided with the 

peak in AOM (~160 nmol cm-3 d-1; Fig. 2.2A) and Bi-MOG (~30 nmol cm-3 d-1; Fig. 2.2B).  The 

HCO3
- concentration increased rapidly from the surface (<2 mM) to 5-7 cm where 

concentrations were ~30 mM (Fig. 2.2B).  Acetate concentration, in contrast, remained fairly 
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constant (<12 μM) down to 5-7 cm, then increased dramatically to ~400 μM at 15 cm (Fig. 

2.2C). Similarly, Ac-MOG was negligible (<0.1 nmol cm-3 d-1) above 5-7 cm, but increased 

gradually to >50 nmol cm-3 d-1 by 15 cm (Fig. 2.2C).  Sulfate was rapidly consumed within 0-4 

cm from 28 mM to ~6 mM and then gradually decreased between 4 and 10 cm (Fig. 2.2D). Rates 

of SR ranged from 80-640 nmol cm-3 d-1 in the upper 10 cm, and were usually greater than AOM 

rates (Fig. 2.2D).  The SR rates in deeper sediments were extremely high (>3.3 μmol cm-3 d-1; 

Fig. 2.2D).  Overall concentrations of H2S were high (>11mM) throughout the core, with a peak 

in concentration (~20 mM) at 5 cm (Table 2.1).  A noticeable decrease in Cl- from 557 mM at 

the surface to 421 mM at 7 cm (Table 2.1) in the core suggests freshening of the porewater, 

possibly via gas hydrate dissociation during core recovery.  Aerial AOM and SR rates at GC232 

in the upper 10 cm were 6.4 and ~30 mmol m-2 d-1, respectively; Bi-MOG and Ac-MOG rates 

were ~380 and 93.2 μmol m-2 d-1, respectively. 

 

3.2. Distribution and diversity of microorganisms   

Using CARD-FISH, we evaluated the abundance patterns of five groups of prokaryotes.  

Total cell counts via AODC were higher in brine sediments (5.6 ± 0.7 x 109 cells ml-1) than in 

gas hydrate sediments (2.7 ± 0.7 x 109 cells ml-1; Table 2.1).  In brine sediments, Bacteria 

dominated the surficial microbial community; however, below 5 cm, Archaea abundance 

increased significantly, accounting for nearly 50% of the total microbial population at 9 cm 

(Table 2.1).  In contrast, Bacteria were dominant over depth in hydrate sediments, although the 

proportion of Archaea increased with depth (Table 2.1).  

CARD-FISH with group specific primers revealed high numbers of putative 

methanotrophic archaea (i.e. ANME-1 and ANME-2; Figs. 1E, 2E; Table 2.1), although the 
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abundance patterns were noticeably different between sites. At the brine site, ANME-1 

dominated the archaeal microbial population below 3 cm, increasing from 12 to 46% of the total 

microbial community (70-95% of Archaea) within the zone where peak SR activity was 

observed (Fig. 2.1E). Typically, ANME-1 occurred as short rods (2-3 μm in length) or as 

segmented rod chains consisting of 2-8 cells up to 20 μm in length (Fig. 2.3C); mono-specific 

clusters of ANME-1 up to 25 μm in diameter were also observed (Fig. 2.3D). Although not 

present in high abundance, ANME-2 archaea were typically found in shell-type consortia with 

sulfate reducing bacteria (SRB) of the Desulfosarcina/Desulfococcus spp. (DSS) taxon (Figs. 1E, 

3E).  Clusters ranged from 5 to 25 μm in diameter.  ANME-1 occasionally formed loose clusters 

with other microorganisms, including DSS and other unidentified bacteria.  DSS-type cells were 

most often found associated with ANME-2 cells in shell-type consortia. 

In gas hydrate sediments, ANME-1 was also the dominant archaeal group (Fig. 2.2E; 

Table 2.1), accounting for up to 20% of the total microbial population and 78% of total Archaea 

at depth. Shell-type consortia of the ANME-2/DSS were more abundant and generally larger in 

size at the gas hydrate site.  DSS-targeted cells were often found unassociated with either of the 

ANME groups; these microbes had a vibrio-like morphology in contrast to the more coccoid-like 

DSS-SRB that were observed in the ANME consortia.  ANME-2 were not observed in shell-type 

consortia with non-DSS cells, although they were occasionally observed in loose arrangements 

without associated DSS (Fig. 2.3F). Both ANME populations increased around the depth where 

rates of AOM and Bi-MOG peaked; DSS increased in the same interval (Fig. 2.2E). At this 

depth, combined numbers of ANME-1 and ANME-2 comprised >96% of the total Archaea. 
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3.3. Distribution and C isotopic signatures of lipid biomarkers 

The abundance and C isotopic composition of signature lipid biomarkers were evaluated 

to infer carbon flow through the microbial population.  Unraveling carbon flow in such complex 

systems requires knowledge of the isotopic values of various carbon pools (for example, 

methane, carbon dioxide, organic acids, organic matter, etc.; Table 2.2).  The δ13C-methane at 

the brine site was ~14-30‰ lighter than that observed at the hydrate site. Values of δ13C for 

acetate or other labile organic acids (common substrates for sulfate reducers) are, to our 

knowledge, unknown at either site. 

Lipid biomarkers diagnostic for the putative methanotrophic archaea (i.e., archaeol and 

sn-2-hydroxyarchaeol, (ELVERT et al., 1999; HINRICHS et al., 1999; ORPHAN et al., 2002) were 

present at low concentration at both sites (Figs. 1F, 2F, Tables 3A, 3B). These biomarkers were 

very depleted in 13C, with δ13C values of  -90.7 to  -114.5‰ at the brine site (Fig. 2.1G, Table 

2.3A) and -83.9 to -104.6‰ at the gas hydrate site (Fig. 2.2G, Table 2.3B).  Generally, stronger 

13C-depletions and higher concentrations were detected for sn-2-hydroxyarchaeol at both sites 

with the exception of two depths at the brine site, where archaeol was more 13C-depleted.  Other 

forms of hydroxyarchaeol were not detected at either site.  Signature archaeal hydrocarbon lipids 

could not be analyzed due to weak signal-to-noise resolution of lipids against a strong 

background of an unresolved complex mixture (UCM; (ZHANG et al., 2002)).  Other important 

membrane lipids such as glycerol dialkyl glycerol diethers (GDGTs) and their biphytanic 

hydrocarbon degradation products (BLUMENBERG et al., 2004; HINRICHS et al., 2000; PANCOST et 

al., 2001) were not targeted by the methods employed here. 

In brine sediments, the most abundant bacterial fatty acid, cis-11 octadecanoate 

(18:1ω7c; Table 2.3A), had δ13C values ranging from -39.8‰ at the surface to -79.2‰ at 10 cm.  
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After the generic bacterial biomarker hexadecanoate (16:0), the unsaturated lipids cis-11 

hexadeconoate (16:1ω5c) and cis-9 hexadeconaote (16:1ω7c) were most abundant (Table 2.3A).  

16:1ω5c, a biomarker diagnostic for DSS in the AOM consortia (ELVERT et al., 2003), had δ13C 

values ranging from -62.6‰ at the surface to -90.4‰ at depth (Figs 1H, 1I, Table 2.3A).  The 

branched chain 13-methyltetradecanoate (ai-15:0) and 12-methyltetradecanoate (i-15:0) fatty 

acids (Fig. 2.1H, 1I, Table 2.3A), both considered generally diagnostic for sulfate reducing 

bacteria (TAYLOR and PARKES, 1985), also exhibited 13C depletion with increasing depth (down 

to -83.7‰ for ai-15:0 and -68.9‰ for i-15:0).  Although in low abundance, two additional fatty 

acids showed significant depletion in 13C with depth: the cyclopropane fatty acid 11,12-

methylene-hexadecanoic acid (cy17:0ω5,6) exhibited δ13C values from -73.8 to -112.4‰ and 

cis-11 heptadeconoate (17:1ω6c) exhibited a δ13C range of -54.4 to -79.6‰ (Table 2.3A).  Both 

of these lipids are suggested to be indicative of the DSS involved in AOM (ELVERT et al., 2003).  

Recent evidence suggests that the occurrence of 16:1ω7c, 16:1ω5c, and cy17:0ω5,6 fatty acids 

may also be indicative of DSS associated with ANME-2 (‘ANME-2-type DSS’), while 

isotopically 13C-depleted ai15:0 and i15:0 lipids derive from DSS associated with ANME-1 

(‘ANME-1-type DSS’; (BLUMENBERG et al., 2004). The branched chain 15-

methylhexadecanoate (ai-17:0) and 14-methylhexadecanoate (i-17:0) fatty acids were in very 

low abundance, and their values are not reported here. 

Overall patterns of lipid abundance were similar in gas hydrate sediments, with a few 

notable exceptions.  16:1ω7c was the most abundant biomarker, followed by 18:1ω7c; both 

showed depletion in 13C with depth (Table 2.3B).  Of the biomarkers supposedly diagnostic for 

SRB, ai-15:0, 16:1ω5c, and i-15:0 were the most abundant (Fig. 2.2H, Table 2.3B).  As at the 

brine site, these fatty acids generally exhibited lighter δ13C values with depth, with 16:1ω5c 
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having the strongest depletion (-67.6‰; Fig. 2.2I, Table 2.3B).  Cy17:0ω5,6 was more abundant 

at the gas hydrate site and was the most 13C depleted (down to -79.6‰ at 4-6 cm depth; Figs. 2H, 

2I, Table 2.3B).  In general, both the bacterial fatty acids and the archaeal alcohol biomarkers 

were heavier at the hydrate- site than at the brine site (Tables 3A, 3B).  

 

4. Discussion 

This study presents the first data set from two distinct cold seeps comparing results from 

radiotracer-based measurements of AOM, MOG, and SR with geochemical, microbial diversity, 

and lipid biomarker data.  We observed decoupling of SR from AOM as well as the 

contemporaneous production of methane from bicarbonate and the oxidation of methane to 

bicarbonate in sediments from gas hydrate and brine sites.  Phylogenetic and organic 

geochemical evidence indicate that microbial groups associated with AOM coupled to SR (i.e., 

ANME-1, ANME-2, and DSS; (BOETIUS et al., 2000; HINRICHS et al., 2000; MICHAELIS et al., 

2002; ORPHAN et al., 2001b)) were present in these sediments and ANMEs dominated the 

archaeal community.  We suggest that both types of ANMEs were responsible for the observed 

14C-methane consumption and that one or both of the ANMEs were responsible for the observed 

methane production.   

A schematic of physical and geochemical characteristics of the sites, highlighting the 

differences between the two cold seep environments, is presented in Figure 4.   Interactions 

between AOM, SR and MOG occurring in sediments underlying microbial mats are illustrated in 

the inset of Figure 4.  The oxidation of methane by ANME microorganisms is linked to sulfate 

reduction activity, although the specific intermediate coupling these processes is unknown.  

Other Archaea, perhaps ANME microorganisms, produce methane within the same environment, 
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though the mechanism of potential coupling between MOG and AOM is unclear.  Oxidation of 

oil and other alkanes may also fuel sulfate reduction activity, particularly at the gas hydrate site.  

 

4.1. Brine-dominated cold seeps 

The geochemical profiles in brine sediments (e.g., low methane and high sulfate 

concentrations at depth) showed that the “traditional” sulfate-methane interface, which 

demarcates the AOM zone, was not penetrated in this core.  However, SR rates were extremely 

high (>3.5 μmol cm-3 d-1, 154 mmol m-2 d-1 for the upper 10cm), similar to previous SR rates 

documented in the Gulf of Mexico (ARVIDSON et al., 2004; JOYE et al., 2004) and higher than 

rates observed at other methane seeps (AHARON and FU, 2003; BOETIUS et al., 2000; HANSEN et 

al., 1998; PIMENOV et al., 1999; TREUDE, 2003; TREUDE et al., 2003; WEBER and JØRGENSEN, 

2002).  High SR and low AOM suggests that the majority of SR activity was fueled by organic 

carbon sources other than methane (JOYE et al., 2004).   

 Despite the observed low rates of AOM in brine sediments, turnover of the methane pool 

was rapid (~10% d-1; Fig. 2.1A), suggesting a considerable potential for AOM during periods of 

increased methane fluxes/concentrations.  The conspicuously dominant ANME-1 population 

increased rapidly within and below the depth of maximal AOM and Bi-MOG rates.  Given the 

observed low rate of AOM, the large size of the ANME population is surprising, suggesting that 

this population either used another metabolic strategy (see inset of Fig. 2.4), was supported by 

the measured (low) AOM rates, or reflected a previous high methane flux/methane oxidation 

activity period.  The presence and 13C depletion of archaeal lipids indicated an active, or recently 

active, AOM-mediating population.  Fluid flow through cold seep sediments is transient in both 

space and time (BROWN et al., 1996; LINKE et al., 1994; TORRES et al., 2002a; TYRON et al., 
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1999).  Currently, it is unclear how long populations of AOM-associated microbes can survive 

during periods of low methane flux.  Available data indicate that anaerobic methanotrophs grow 

slowly (doubling time of several months; (NAUHAUS et al., 2002), even under relatively high 

methane concentrations, inferring that the modest energy yield of AOM results in low anabolic 

rates.   

Though AOM rates were low, SR rates were extremely high.  To reconcile the observed 

sulfate profile with the high SR rates (Fig. 2.1D) requires a sulfate source in addition to diffusion 

(ARVIDSON et al., 2004).  Brine advection through the sediments would reduce the sulfate 

penetration depth since the brine contains no sulfate (JOYE et al., 2005) and, at present, no fluid 

flux rates are available for this site.  However, it is possible that brine advection generates 

convection cells that drive seawater percolation through sediments at the edge of the brine pool, 

increasing sulfate availability at least in some areas.  Modeling of geochemical profiles at gas 

hydrate sites indicated that organism-sediment interactions replenish subsurface sulfate via 

bioirrigation and/or in situ recycling via anaerobic sulfide oxidation (ARVIDSON et al., 2004) but 

tubeworms are not abundant at this brine pool.  Some sulfide oxidizing microbes (e.g., 

Thiovulum) common to sulfide-rich sediments generate structures (e.g., veils) that influence flow 

through the sediments to optimize geochemical conditions for their activity (FENCHEL and GLUD, 

1998).   Beggiatoa at Gulf of Mexico cold seeps also form complex surface veils that may 

influence fluid flow through sediments.  The surface sediments at the brine site were covered by 

a dense mat of a giant sulfide oxidizing bacteria closely related to Thiomargarita namibiensis 

(0.51 mm3 cm-3 biovolume; (KALENETRA et al., 2005).  However, because 99% of the sulfide 

oxidizing bacterial biomass was found in the upper 2 cm of sediment (KALENETRA et al., 

unpublished data) and because Thiomargarita-like microbes are not motile, it is unlikely that 
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they supplied sulfate to depths > 5 cm.  One possible explanation for the increased sulfate 

concentration at depth is barite dissolution.  Authigenic barite is abundant at cold seeps in the 

Gulf of Mexico (FU et al., 1994) and elsewhere (PAYTAN et al., 2002; TORRES et al., 2003; 

TORRES et al., 2002b).  Similar increases in sulfate concentration at depth in cold seep sediments 

in the Sea of Okhotsk were linked to barite dissolution (GREINERT et al., 2002).  We hypothesize 

that barite dissolution is responsible for generating the increased sulfate concentration observed 

at depth and plan to address this possibility in future studies. 

The abundance of Thiomargarita-related bacteria correlated with the lipid biomarker 

profiles of the sediments.  The 18:1ω7c and 16:1ω7c fatty acids likely derive from Beggiatoa 

spp. (CANTU et al., 2003; ELVERT et al., 2003).  In the brine sediments, 18:1ω7c and 16:0, both 

having similar δ13C-values of ~ -40‰, were the dominant fatty acids; 16:1ω7c (-43‰) was less 

common.  Since Beggiatoa spp. were almost two orders of magnitude less abundant than the 

dominant Thiomargarita namibienses-relative (KALENETRA et al., 2005), the 18:1ω7c > 16:1ω7c 

trend may reflect a biosignature of this abundant microbe.  

Although the SR rate was high in brine sediments, the total number of SRB detected with 

CARD-FISH was low: less than 7% of cells were DSS (compared with 40-50% ANME-1; Fig. 

2.1E). The DSS 658 probe may not have targeted the dominant SRB in these sediments; 

however, hybridization with other FISH probes specific for putative seep-endemic SRB (probe 

DSR 651, Desulforhopalus spp.; probe 660, Desulfobulbus spp.; (KNITTEL et al., 2003)) revealed 

that these microorganisms were rare (<5% and 1%, respectively, of the total population; data not 

shown).  Previous work at Gulf of Mexico gas hydrate sites (LANOIL et al., 2001; MILLS et al., 

2003; MILLS et al., 2004) indicated that a significant fraction (32.4%) of  δ-Proteobacteria 

sequences in sediments (based on 16S complementary rDNA clone libraries; (MILLS et al., 
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2004)) fall within the coverage of the DSS 658 probe, although ~49% of δ-Proteobacteria 

sequences (MILLS et al., 2004) group with the “SEEP-SRB2/Eel-2 group” of SRB (KNITTEL et 

al., 2003; ORPHAN et al., 2001a), which is not targeted by the DSS 658 probe (KNITTEL et al., 

2003) or any other published probe.  To our knowledge, no δ-Proteobacteria sequences have 

been published for Gulf of Mexico brine sediments; therefore, the SRB at these sites could be 

divergent from known groups and thus were not targeted by the FISH probes we used.   

The DSS-cells observed in the brine sediments occurred almost exclusively in consortia 

arrangements with ANME-2 microorganisms. This association was also evident in the lipid 

biomarker profiles: in the upper depths of the sediment, the ANME-2-type DSS signature lipids 

(BLUMENBERG et al., 2004; ELVERT et al., 2003) were abundant and significantly depleted in 13C.  

However, ANME-1-type DSS appeared to become more prevalent with depth (based on 

decreasing abundance of ANME-2-type DSS signature lipids and depletion of 13C of ANME-1-

type DSS signature lipids; Figs. 1H, 1I, Table 2.3A).  The concentration ratio of sn-2-

hydroxyarchaeol to archaeol in the upper sediments indicates that the ANME-2 may be the 

dominant producer of these lipids (BLUMENBERG et al., 2004; ELVERT et al., 2005).  In the upper 

sediment layers, ANME-2-type consortia carry the strongest AOM-derived signal, followed by 

ANME-1 with depth, a pattern consistent with other observations (ELVERT et al., 2005; ORPHAN 

et al., 2004).   

 

4.2. Gas hydrate-dominated cold seeps 

In gas hydrate site sediments, the coincident occurrence of AOM and Bi-MOG was 

observed between 5 and 9 cm (Figs. 2A, 2B).  As observed at the brine site, total Bi-MOG rates 

were roughly 10% of AOM rates, although rates of both processes were 2 orders of magnitude 
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higher at the hydrate site, where methane concentrations were also higher.  Within the zone of 

elevated AOM and MOG, the populations of ANME-1, and to a lesser degree ANME-2, 

increased as based on CARD-FISH observations; together they comprised nearly 92% of the 

identified Archaea (Fig. 2.2E, Table 2.2).  A study of sediments collected at a nearby gas hydrate 

site (GC234, 9.5 km from GC232) indicated that only the ANME-2 group was metabolically 

active (based on complementary rDNA clone libraries; (MILLS et al., 2004)), even though 

ANME-1 comprised a significant portion of archaeal 16S rRNA clone libraries (17.2%, (LANOIL 

et al., 2001); 19.8%, (MILLS et al., 2003)).  Since FISH methods are based on the presence of 

rRNA, a molecule that degrades rapidly in dead or dying microbial cells, our data suggest that 

both groups are metabolically active at these sites. 

The higher abundance of ai15:0 and i15:0 in the hydrate site sediments suggest the 

association of DSS with ANME-1 (BLUMENBERG et al., 2004; ELVERT et al., 2005).  Similarly, 

the abundance and 13C-depletion of 16:1ω5c and cy17:0ω5,6 lipids may imply associations of 

DSS with ANME-2.  Although the branched chain fatty acids were present in high concentration 

in the gas hydrate site sediments (specifically ai15:0 and i15:0), they were not the most 13C 

depleted fatty acids observed (Fig. 2.2H, Table 2.3B), contrary to previous reports for Gulf of 

Mexico cold seep sediments (ZHANG et al., 2002).  The differences in lipid distributions and 

isotopic composition of bacterial biomarkers between brine and hydrate sediments most likely 

reflects the variability between the SRB populations (e.g., ANME-1-type or ANME-2-type DSS 

or other sulfate reducers), metabolism (e.g., involvement in AOM versus oil, hydrocarbon or 

other DOM oxidation), and/or differences in available organic carbon substrates (e.g., absence of 

oil and higher alkanes at the brine site).  Overall, the isotopic composition of DSS lipids are 
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relatively heavy at the hydrate site, which is consistent with the incorporation of carbon derived 

from heavier thermogenic methane or fractionation during lipid biosynthesis. 

In contrast to the brine sediments, in gas hydrate site sediment, DSS-type SRB were 

abundant (≤ 20% with depth, Fig. 2.2E). Many of the observed DSS were attached to ANME-2 

archaea in consortia of various sizes (Fig. 2.3E); however, the majority occurred alone or in 

loose association with ANME-1 or other unidentified bacteria. The unattached DSS-SRB 

typically had a vibrio-like morphology when compared to the coccoid DSS-SRB noted in 

consortia with ANME-2, suggesting that distinct subpopulations of DSS-type SRB inhabited the 

gas hydrate site sediment. As observed in brine sediments, only a few cells could be visualized 

with FISH probes for other non-DSS SRB (i.e. Desulforhopalus, Desulfobulbus spp.; data not 

shown).  The unattached DSS-SRB and possibly other SRBs likely contributed to the high SR 

observed; the excess SR activity (relative to AOM) was probably coupled to oxidation of higher 

hydrocarbons or oil (JOYE et al., 2004). 

In the surficial sediments from the hydrate site, which were covered by a mat containing 

white Beggiatoa and other sulfide oxidizing bacteria (Fig. 2.4), 16:1ω7c and 18:1ω7c were by 

far the most abundant fatty acids, with 16:1ω7c almost three times as abundant as 18:1ω7c 

(Table 2.3B).  These lipids are suggested to be derived from sulfide oxidizing bacteria (CANTU et 

al., 2003; ELVERT et al., 2003).  However, the lighter isotopic composition of 16:1ω7c (-63‰) 

compared to 18:1ω7c (-30‰) suggest that these fatty acids are derived from at least two different 

bacterial sources.  
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4.3. Are methane production and oxidation linked in AOM zones? 

Although there are substantial geochemical and geological differences between the two 

sites investigated in this study (highlighted in Fig. 2.4), similar trends of AOM and MOG activity 

were observed.  In sediments from both sites, rates of Bi-MOG were roughly 10% of measured 

AOM rates within the zones of maximal activity.  This contemporaneous occurrence of AOM 

and MOG, coupled with the observation that ANME-1, and to a lesser degree ANME-2, 

microorganisms dominated the archaeal community, suggests that one or both of the ANME 

groups catalyzes both processes (inset of Fig. 2.4).  Previous studies with methanogenic cultures 

and methanogenic coastal sediments showed low rates of AOM relative to Bi-MOG (~1% to 

10% respectively, (HOEHLER et al., 1994; ZEHNDER and BROCK, 1980).  The coincident 

occurrence of AOM and Bi-MOG in sediments dominated by ANME’s  has been observed 

elsewhere (e.g., ANME-1 dominated Black Sea mats and ANME-2 dominated estuarine 

sediments, (TREUDE, 2003), suggesting that the involvement of ANME’s in AOM and MOG is 

widespread.   Previous evidence suggests that ANME-1 may occur without associated sulfate 

reducing bacterial partners (ORPHAN et al., 2002) and the results presented here suggests that 

ANMEs may mediate MOG.  

Recent evidence suggests that the ANME archaea contain genes involved in the 

methanogenic pathway and that expression of these genes generates catalytically active enzymes 

(HALLAM et al., 2003; HALLAM et al., 2004; KRÜGER et al., 2003). These data help explain the 

biochemical machinery necessary to allow ANME’s to oxidize methane (i.e., by reversing the 

methanogenic enzymatic machinery).  However, if the enzymatic machinery is reversible, it is 

possible that the observed rates of MOG occur via enzymatic back-reaction (e.g., equilibrium 

enzyme effects).  While it is highly unlikely that a single microorganism would both oxidize and 
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produce methane for energy generation, it is possible that separate but similar microbes exploit 

opposing methanogenic/methanotrophic machinery depending on environmental geochemical 

cues and/or the association of syntrophic partners. An enzymatic back reaction with one pathway 

being dominant and the other representing a small fraction of the other could occur, as has been 

demonstrated in methanogens that oxidize methane slowly (~1%) relative to the rate of MOG 

(HOEHLER et al., 1994; ZEHNDER and BROCK, 1980).  Availability of labile organic carbon, 

hydrogen, and other possible intermediates represent chemical cues that could influence the 

patterns of AOM coupled to MOG and SR.  Determining which cues drive AOM-associated 

microbes to be net methanogenic versus net methanotrophic is imperative in order to understand 

interactions between the microbes involved in AOM.  

The observation that ANME-type microorganisms dominate the archaeal community in 

areas with coincident AOM and Bi-MOG raises questions about the function(s) of these 

microorganisms in the environment.  Previous work (ORPHAN et al., 2001a; ORPHAN et al., 2002; 

ORPHAN et al., 2004; PANCOST et al., 2000; TESKE et al., 2002) suggests that multiple and diverse 

groups of microorganisms are involved in AOM; the data presented here suggests that these 

microorganisms utilize multiple and diverse metabolic strategies (i.e. ANME-1 may be involved 

in MOG; Fig. 2.4).  Presumably, microorganisms involved in AOM survive on the edge of 

thermodynamic limits since the energy yield of the net process is small (HOEHLER et al., 1994; 

SØRENSEN et al., 2001), thus, it would be advantageous if they were able to utilize multiple 

metabolic strategies as a function of local environmental conditions.  If ANME microorganisms 

mediate AOM by a reversal of the methanogenic pathway (Fig. 2.4; (HALLAM et al., 2003; 

HALLAM et al., 2004; HOEHLER et al., 1994; ZEHNDER and BROCK, 1980)), the key, then, is to 

determine the factors that trigger the enzymatic processes to result in net methanotrophy versus 
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net methanogenesis.  Achieving this goal requires additional research in a variety of 

environments where AOM occurs. 
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Table 2.1. Concentrations of sulfide (H2S) and chloride (Cl-), total cell abundance, and 

percentage of cells (as determined by CARD-FISH) that were Bacteria (EUB), Archaea (ARC), 

of the ANME-1 clade of Euryarchaeota (ANME1), of the ANME-2 clade of Euryarchaeota 

(ANME2), or of the Desulfosarcina/Desulfococcus spp. clades of δ-proteobacteria (DSS) in 

sediments from the Gulf of Mexico. 

 
parameter: depth H2S Cl- cells EUB ARC ANME1 ANME2 DSS 

unit: cmbsf mM mM 109 ml-1 % cells % cells % cells % cells % cells 
Site + Dive          

GC233  1 0.2 544.9 5.4 64.5 5.6 2.7 4.6 10.0 
(brine pool) 3 1.0 531.4 4.8 55.3 16.9 11.8 7.4 9.9 
Dive 4458 5 2.9 571.1 5.5 28.9 41 36.1 4.4 7.0 

 7 4.6 - 5.4 22.8 37.6 33.4 6.9 4.4 
 9 - 509.5 6.8 11.7 48.3 45.9 2.4 4.6 
 11 7.0 - - - - - - - 
          

GC232 1 11.9 556.7 3.7 78.5 4.4 2.5 0.0 18.8 
(hydrate) 3 18.9 544.4 2.5 79.5 4.1 1.0 0.1 16.9 

Dive 4459 5 20.1 535.3 2.2 79 12 3.7 1.0 12.2 
 7 17.4 421.9 2.2 74 24.5 19.1 3.0 25.9 
 9 17.8 468.6 - - - - - - 
 11 14.5 511.0 - - - - - - 

- : no data 
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Table 2.2. Isotopic composition of various carbon compounds from gas hydrate and brine pool 

sites in the Gulf of Mexico. 

Compound Gas Hydrate Brine Pool 
Methane δ13C (‰)a δ13C (‰) 
     vent gas -48.5b -63.8 to -80h 
     hydrate-bound -47.5b  
     Porewater -49.3b  
Particulate Organic Matter -25c -25i 
Sedimentary Carbonate -15 to -26d -10i 
Dissolved Inorganic Carbon -30b  
C22 – C30 alkanes (average) -30.1e  
Photic Zone Organic Matter -20.6f  
Crude Oil -27g  

a: isotopic composition versus the Vienna Pee Dee belemnite standard 
b: from site GC234, ~9.5km from the site in this study; (SASSEN et al., 2004) 
c: from site GC185; (JOYE et al., 2004) 
d: from site GC234; (FORMOLO et al., 2004; JOYE et al., 2004) 
e: (JAHNKE et al., 1995) 
f: (CLAYPOOL and KAPLAN, 1974) 
g: (KENNICUTT et al., 1988) 
h: same brine pool as this study, GC233; (MACDONALD, 2002; MACDONALD et al., 1990b)  
i: same brine pool as this study, GC233; (JOYE et al., 2004)
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Table 2.3A. Abundance (expressed as μg lipid g-1 sediment) and isotopic composition (δ13C vs. 
PDB standard) of select lipid biomarkers extracted from sediments at a brine influence site in the 
Gulf of Mexico. See text for explanation of lipid nomenclature. 

 depth: 0-2cm 2-4cm 4-6cm 6-8cm 8-10cm 

Location LIPID μg/g         δ13C μg/g δ13C μg/g δ13C μg/g δ13C μg/g δ13C 

GC233 14:0a 10.5 -45.3 5.7 -58.5 2.5 -55.7 1.2 -55.5 0.9 -44.9 
 i15:0 5.3 -41.9 2.3 -48.0 1.2 -58.9 0.9 -62.9 0.5 -68.9 

Brine pool a15:0 9.6 -41.5 5.0 -57.1 3.1 -74.0 3.2 -79.9 2.9 -83.7 
 15:0 2.1 -45.2 1.3 -56.3 0.6 -61.1 0.7 -83.3 0.4 -57.5 

 16:1ω7c 11.5 -43.4 4.6 -47.4 10.2 -55.6 6.4 -66.4 2.7 -71.9 
 16:1ω5c 20.7 -62.6 11.0 -65.8 3.3 -72.1 2.7 n.m. 1.1 -90.4 
 16:0 41.2 -40.6 19.5 -40.4 7.4 -37.7 7.0 -31.3 4.7 -35.9 
 10Me16:0 5.3 -53.1 3.5 -64.3 0.7 -62.6 0.5 -65.1 n.d. n.d. 
 17:1ω6c 1.7 -54.4 1.1 -69.0 1.0 -79.6 1.0 -76.1 0.5 -79.1 
 cy17:0ω5,6 0.7 -112.4 1.1 -82.6 0.5 -81.7 0.5 -73.8 n.d. n.d. 
 17:0 1.2 -36.2 0.7 -39.1 0.3 -32.4 0.3 -32.9 0.2 n.m. 
 18:1ω9c 6.1 -37.4 2.9 -39.7 1.2 -40.2 2.0 -46.2 1.1 -38.3 

 18:1ω7c 43.8 -39.8 21.2 -48.3 9.3 -68.6 8.5 -71.8 5.2 -79.2 
 18:0 9.2 -25.4 6.7 -23.6 3.9 -20.7 4.5 -22.5 3.1 -22.2 
                      
 archaeolb 0.5 -100.5 0.3 -114.5 0.3 -109.5 n.d. n.d. 0.3 -93.2 
 sn-2-hydroxy 1.1 -113.3 0.6 -109.2 0.7 -114.5 n.d. n.d. 0.2 -90.7 

 
a: bacterial fatty acids 
b: archaeal alcohol lipids 
n.d.: not detected 
n.m.: not measurable due to low signal to noise ratio 
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Table 2.3B. Abundance (expressed as μg lipid g-1 sediment) and isotopic composition (δ13C vs. 

PDB standard) of select lipid biomarkers extracted from sediments at a gas hydrate site in the 

Gulf of Mexico. See text for explanation of lipid nomenclature. 

 depth: 0-2cm 2-4cm 4-6cm 6-8cm 8-10cm 

Location LIPID μg/g         δ13C μg/g δ13C μg/g μg/g δ13C μg/g δ13C μg/g 

GC232 14:0a 18 -30.1 13.2 -38.4 14.1 -50.1 14.6 -56.5 2.2 -40.2 
 i15:0 16.9 -30.7 11.2 -32.8 9.4 -36.7 8.3 -52.8 1.1 -42.8 

Gas hydrate a15:0 31.5 -30.4 28.1 -35.2 22.9 -39.3 21.4 -53.2 3.6 -43 
 15:0 5.4 -31.4 3.8 -36.8 3.6 -44.2 4.8 -56.7 0.7 -41.4 

 16:1ω7c 344 -62.5 63.3 -43.8 51.8 -44.0 36.1 -61.0 4.1 -59.9 
 16:1ω5c 26.8 -47.8 15.2 -45.9 15.7 -54.6 16.2 -67.6 2.3 -57.9 
 16:0 87 -33 40.4 -38.1 29.9 -39.9 26.5 -46.1 8.6 -27.4 
 10Me16:0 3.1 -30.7 2.9 -45.0 5.2 -64.9 4.5 -51.1 0.4 -49.2 
 17:1ω6c 3.4 -30.4 2.4 -45.0 2.1 -63.4 5.6 -54.1 0.9 -54.2 
 cy17:0ω5,6 0.8 -46.6 1.5 -56.0 2.9 -79.6 5.4 -55.3 1.2 -52.3 
 17:0 3.4 -35.3 1.9 -31.1 1.5 -30.1 1.5 n.m. 0.5 -25.5 
 18:1ω9c 14.6 -24.7 9.7 -32.4 6.5 -32.6 5.2 -45.5 1.3 -34.7 
 18:1ω7c 124.2 -30.2 31.6 -43.8 27.1 -46.8 32.0 -63.6 6.2 -70.1 
 18:0 17.1 -25.3 13.7 -26.9 9.1 -23.2 8.1 -28.3 11 -19.6 
                      
 archaeolb n.d. n.d. 1.2 -83.9 1.9 -83.9 3.2 -99.8 1.9 -89.3 

 sn-2-hydroxy n.d. n.d. 1.7 -102.6 1.3 -97 9.3 -101.5 2.9 -104.6 

a: bacterial fatty acids 
b: archaeal alcohol lipids 
n.d.: not detected 
n.m.: not measurable due to low signal to noise ratio 
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Figure Captions 
 

Figure 1. Composite profiles of geochemistry, rates of microbial processes, microorganism 

diversity and abundance, and abundance and isotopic composition of select lipid biomarkers in 

sediments collected from underneath a bacterial mat at a brine pool cold seep (GC233) in the 

Gulf of Mexico. In (A)-(D), filled symbols represent the concentration while open symbols 

represent the rate. In (F)-(I), abbreviated names of lipids are presented in legends; see text for 

explanation of abbreviations. (A) Methane (CH4) concentration and AOM rate; (B) dissolved 

inorganic carbon (HCO3
-) concentration and the rate of autotrophic methanogenesis (Bi-MOG); 

(C) acetate concentration and the rate of acetoclastic methanogenesis (Ac-MOG); (D) sulfate 

(SO4
2-) concentration and SR rate; (E) total abundance of specific groups of microorganisms as 

determined by CARD-FISH; (F) abundance of select archaeal lipid biomarkers extracted from 

sediment; (G) δ13C isotopic composition of same select archaeal lipid biomarkers (legend given 

in (F)); (H) abundance of select bacterial lipid biomarkers extracted from sediment; (I) δ13C 

isotopic composition of same select bacterial lipid biomarkers (legend given in (H)). All panels 

scaled to the same depth axis (given in (A) and (E) in cm below seafloor). 

 

Figure 2. Composite profiles of geochemistry, rates of microbial processes, microorganism 

diversity and abundance, and abundance and isotopic composition of select lipid biomarkers in 

sediments collected from underneath a bacterial mat at a gas hydrate cold seep (GC232) in the 

Gulf of Mexico. Panels and symbols identical to those presented in Figure 1.  

 

Figure 3. Photomicrographs of microorganisms in Gulf of Mexico sediments identified using 

CARD-FISH. Scale bars represent various lengths. (A) Oil autofluorescence prevented robust 
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usage of mono-labeled FISH probes.  Arrow indicates a cell targeted by a general Archaeal 

rRNA FISH probe labeled with a green fluorescent dye to illustrate difficulty in separating signal 

from oil autofluorescence. (B) Representation of microbial morphologies present.  Cells stained 

with DAPI (blue). (C) Loose cluster of rods targeted with green-fluorescent probe specific for 

the ANME-1 group of Archaea.  Other rod-shaped cells in the image (stained with DAPI, blue) 

may be ANME with a low cellular rRNA content, making these cells fall below the threshold of 

detection for FISH.  (D) Mono-specific cluster of microorganisms targeted with a green-

fluorescent probe specific for the ANME-1 group of Archaea.  No SRB of the 

Desulfosarcina/Desulfococcus group, which were targeted with a red-fluorescent probe, were 

visible in this cluster. (E) Organized consortia of ANME-2 (targeted with a group specific green-

fluorescent probe) and Desulfosarcina/Desulfococcus spp. (targeted with a group-specific red-

fluorescent probe). ANME-2 were typically found in organized consortia with these SRB. (F) 

Loose cluster of ANME-2 cells (green) surrounded by other microorganisms which were not 

related to the Desulfosarcina/Desulfococcus spp. (which would have been labeled red). 

 

Figure 4. Schematic illustrating the interactions between AOM, SR and MOG, the geochemical, 

and the geological environment at the two cold seep environments.  Not drawn to scale.  

Macrofaunal and microbial mat communities are indicated by specific symbols labeled in the 

figure. The left-hand side of the diagram depicts a gas hydrate site (GC232) fed by methane and 

oil migrating through faults and fractures.  The carbon isotopic composition of the mostly 

thermogenic source methane at this site is taken from Sassen et al. (2004).  Surficial 

chemosynthetic communities at this site include Beggiatoa spp. and other sulfide oxidizing 

bacterial mats, tube worms and mussels.  The right-hand side of the diagram illustrates a brine 
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pool site (GC233), characterized by the migration of biogenic methane (MACDONALD, 2002) and 

brines, with a surface chemosynthetic community composed of mussels and Thiomargarita-type 

sulfide oxidizing bacterial mats. The inset shows a magnified view of hypothesized cycling of 

methane and sulfur occurring in subsurface sediments mediated by ANME-type microorganisms 

(ANME), methanogenic archaea (ARCH; which could also be ANME, see text for explanation), 

sulfate reducing bacteria (SRB), and giant vacuolated sulfide oxidizing bacteria (VSB); arrows 

indicate the flow of various compounds between microorganisms and the environment. 
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Figure 2.1.  
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Figure 2.2.  
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Figure 2.3.  
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Figure 2.4.  
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Abstract 

Due to the variable composition and magnitude of fluid and gas flux, hydrocarbon cold seeps in 

the Gulf of Mexico comprise a natural laboratory for investigating the effects of natural oils and 

non-methane hydrocarbons on microbial activity, diversity and distribution in marine surficial 

sediments.  Though some sediments were characterized by high relative quantities of oil, which 

may be toxic to some microorganisms, high rates of sulfate reduction (SR, up to 27.9 ± 14.7 

mmol m-2 d-1), anaerobic oxidation of methane (AOM, up to 16.15 ± 6.7 mmol m-2 d-1), and 

acetate oxidation (up to 2.74 ± 0.76 mmol m-2 d-1) were observed using radiotracer 

measurements.  Analysis of 16S rDNA gene clone libraries revealed that the sediments were 

phlyogenetically diverse although dominated by phylotypes of sulfate reducing bacteria (SRB) 

and anaerobic methanotrophs of the ANME-1 and ANME-2 varieties.  The microorganisms 

responsible for sulfate-dependent non-methane hydrocarbon oxidation are unclear but likely 

include members of seep-endemic SRB clades.    
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Introduction 

Sulfate reduction (SR) is the dominant pathway for organic matter mineralization in 

ocean margin sediments, accounting for up to 50% of total CO2 production in these areas 

(CANFIELD et al., 1993; JØRGENSEN, 1982).  In normal marine sediments, SR in upper organic 

carbon-rich layers is fueled largely by the fermentation products of degraded organic matter (i.e. 

H2 and organic acids).  At depth (i.e. in the sulfate methane transition zone (SMTZ)), some SR is 

fueled by coupling with the anaerobic oxidation of methane (AOM).  Under diffusive regimes 

that characterize most ocean sediments, methane derived from the deeper methanogenic strata is 

consumed by sulfate reduction within the SMTZ. Hence, the ratio between AOM and SR is 

usually 1 in the SMTZ, but AOM accounts for only about 10% of the total integrated SR in the 

sulfate containing sediments  (HINRICHS and BOETIUS, 2002).  “Hot spots” of SR, where sulfate 

reduction rates are extremely high (>1 μmol cm-3 d-1 range as opposed to low nmol cm-3 d-1 

range in normal marine sediments), occur at marine hydrocarbon seeps (BOETIUS et al., 2000; 

JOYE et al., 2004; TREUDE et al., 2003).  Here, SR is coupled to the AOM (Eq. 1) or to the 

oxidation of higher hydrocarbons and oil-derivatives (Eq. 2, e.g., hexane oxidation (WIDDEL and 

RABUS, 2001)): 

CH4  +  SO4
2-    HCO3

-  +  HS-  +  H2O  (Eq. 1) 

C16H34 + 12.25 SO4
2-  16 HCO3

- + 12.25 HS- + 3.75 H+ + H2O (Eq. 2) 

In methane-dominated sediments, methane oxidation activity is nearly equivalent to 

sulfate reduction, resulting in an approximate 1:1 coupling between the two processes.  In 

sediments characterized by an abundance of methane and other non-methane hydrocarbons (e.g. 

alkanes) and/or petroleum-derivatives, SR rates significantly exceed methane oxidation rates, 

illustrating that other non-methane hydrocarbons support signifcant rates of SR in situ (JOYE et 
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al., 2004; ORCUTT et al., 2005).  A number of sulfate reducing bacteria (SRB) can couple SR to 

the oxidation of short- and long- chain alkanes, complex aromatics and aliphatics, toluene, 

benzene, or bulk oil  (HEIDER et al., 1999; KNIEMEYER et al., In press; PHELPS et al., 1998; 

RABUS et al., 1993; RUETER et al., 2001; SPORMANN and WIDDEL, 2000).  Sediments from cold 

seeps often are depleted in ‘labile’ oil components (i.e. n-alkanes and branched chain 

isoprenoids) relative to source oil, indicating preferential microbial oxidation of these 

compounds (SASSEN et al., 1994), although it is unclear what fraction of this microbial oxidation 

in situ is attributable to SRB.  Additionally, in situ microbial oxidation of ‘labile’ hydrocarbons 

like propane and n-butane can be inferred by the enriched (i.e. relatively heavy in 13C in 

comparison with a standard) stable carbon isotopic composition of these compounds dissolved in 

sediment porewater versus source gases, which indicates preferrential microbial oxidation of the 

lighter 12C-containing isomers (SASSEN et al., 2004).  

Methane dependent sulfate reduction is mediated by a limited assemblage of 

microorganisms.  Methane is oxidized by anaerobic methanotrophic archaea which are grouped 

into three distinct clades (i.e. ANME-1, -2, and -3); these clades are distant relatives of  

Methanosarcinales-type methanogenic archaea (BOETIUS et al., 2000; KNITTEL et al., 2005; 

ORPHAN et al., 2002; TESKE et al., 2002).  These archaea are typically associated with sulfate 

reducing bacteria (SRB) of the Desulfosarcina/Desulfococcus or Desulfobulbus genera of the 

DeltaProteobacteria, presumably in a syntrophic relationship (BOETIUS et al., 2000; KNITTEL et 

al., 2003; ORPHAN et al., 2001).  Other Desulfobacteriaceae- and Desulfobulbaceae-family 

related SRB are commonly and exclusively found at cold seeps, especially when non-methane 

hydrocarbons are present (DHILLON et al., 2003; KNITTEL et al., 2003; MILLS et al., 2004; 

ORPHAN et al., 2001; TESKE et al., 2002).  The carbon compounds supporting the growth of these 
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other seep-exclusive SRB groups are speculative, but may include methane as well as non-

methane hydrocarbons.  Additionally, exceptionally high concentrations of dissolved organic 

carbon can fuel SR at brine seeps (JOYE et al., in preparation; ORCUTT et al., 2005).  The 

parameters that influence differential growth of the various SR and SR-AOM communities are 

unconstrained but may include methane flux, non-methane reduced-carbon flux, temperature, 

and/or oxygen sensitivity (KNITTEL et al., 2005; NAUHAUS et al., 2005).    

Cold seeps on the continental slope in the Gulf of Mexico (GOM) comprise a natural 

system for studying the impact of oil and non-methane hydrocarbons on microbial community 

diversity, distribution and activity in marine sediments.  These seeps are commonly associated 

with natural oil-slicks visible from space, indicating the seepage of oil in addition to methane 

(MACDONALD et al., 2004; MACDONALD et al., 1996); more than 20,000 m3 yr-1 of natural oil 

seepage occurs in the GOM (MACDONALD et al., 1993).  Some GOM sediments are replete with 

petroleum-associated compounds, including C2-C5 alkanes, hexadecane, naphthalene, 

phenanthrene, toluene, and crude oil (KENNICUTT et al., 1988; SASSEN et al., 1994).  The in situ 

stable carbon isotopic signature of some of these compounds indicate biological degradation (i.e. 

compounds are enriched in 13C, indicating preferrential oxidation of the lighter 12C isomers 

(SASSEN et al., 2004)), although it is unclear which microbes are responsible.  Surveys of SR in 

GOM sediments indicate that a significant fraction of SR is fueled by non-methane hydrocarbons 

(JOYE et al., 2004; ORCUTT et al., 2005).  Studies with oil-rich sediments from the GOM indicate 

that SR can be stimulated by aliphatic compounds, and sulfate-reducing bacteria which grow 

solely on butane and propane were recently cultivated from GOM sediments (KNIEMEYER et al., 

In press).  These findings indicate that the endemic sulfate-reducing microbial community is 

capable of consuming these compounds in situ.   
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  The objective of this study was to gain a better understanding of the distribution and 

activity of sulfate reducing bacteria and methanotrophic archaea in hydrocarbon-rich seep 

sediments of the GOM.  Sediments from different hydrocarbon-rich habitats were investigated 

using biogeochemical and molecular ecological techniques to determine which microorganisms 

dominated each habitat.  Surveys comparing sediments with tight coupling of AOM and SR to 

those with looser coupling allowed us to investigate which microbial groups were involved in 

non-methane hydrocarbon degradation, methane oxidation or organic matter mineralization.   

 

Materials and Methods 

 

Sample Collection 

Cold seeps in the northern and southern Gulf of Mexico (Fig. 3.1A) were visited during 

two oceanographic cruises: (1) aboard the R.V. Seward Johnson II (cruise LExEn 2002) using the 

Johnson SeaLink research submersible (Harbor Branch Oceanographic Institution) in July 2002, 

and (2) aboard R.F. SONNE (cruise OTEGA II SO174) in October/November of 2003 

(BOHRMANN et al., 2004).  Areas of seepage were identified by the presence of an overlying 

microbial mat, exposed carbonate crusts or visible gas/oil seepage, which indicated advection of 

reduced metabolites to the sediment surface.  An area of ~1 m2 of seafloor was cored by the 

submersible’s robot arm (LExEn 2002 cruise), by a video-guided box-corer (SO174 cruise), or 

by a video-guided multiple-corer device capable of retrieving up to 6 cores of 10 cm inner 

diameter each (SO174 cruise).  A description of the cold seep sites visited and the condition of 

the cores retrieved is given in Table 3.1.  Sediments are described hereafter in reference to the 

station-number (SO174 cruise) or dive-number (LExEn 2002) of the cruises.   
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Station 87 (SO174): Cores were collected from site GC234 (550 m water depth) on the 

continental slope in the northern GOM directly adjacent to a large aggregation of tubeworms (see 

ref (BOHRMANN et al., 2004; MACDONALD et al., 2003) for site details).  The retrieved sediment 

was overlain with a dense mat of sulfide oxidizing bacteria (SOB; mainly orange but some white 

Beggiatoa spp., Fig. 3.1C) and visibly contained oil and carbonate nodules but no gas hydrate.   

Station 140 (SO174): Sediments around a carbonate outcrop near the recently discovered 

Chapopote asphalt volcano in the Campeche Knolls region of the southern GOM (2900 m water 

depth; (BOHRMANN et al., 2004; MACDONALD et al., 2004)) were sampled using the box coring 

device (Fig. 3.1D).  Upon recovery, dissociation of hydrate and degassing resulted in sediment 

expansion.  Push cores were manually inserted into the expanded sediment.  There were no 

noticeable SOB or asphalt pieces associated with the disturbed sediment but there were 

numerous oil-coated casings from tube worms and clams; gas hydrate, oil, and carbonate nodules 

were dispersed throughout the sediment.  

Station 156 (SO174): Cores were collected from a white SOB mat that was located 

between a large population of Lamellibrachia spp. tubeworms (Fig. 3.1E) and an outcrop of gas 

hydrate from a gas hydrate site on the northern slope, GC185. (550m water depth; see 

(BOHRMANN et al., 2004; MACDONALD et al., 2005; MACDONALD et al., 1994; MACDONALD et 

al., 2003) for site details).   

Station 161 (SO174): Sediment cores were collected from an area with carbonate 

outcrops and white/grey SOB mats (Fig. 3.1F) using the multiple-corer at GC415, a deep water 

(950 m) cold seep (BOHRMANN et al., 2004; MACDONALD, 2004).   Upon insertion of the push 

cores, a vigorous stream of gas bubbles and oil droplets erupted from the seafloor for about 15 

minutes while the multicorer was left in place, indicating that a carbonate cap or hydrate lens had 
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been punctured.  The recovered sediment was highly disturbed, saturated with oil, and contained 

disseminated hydrate and carbonate nodules.  The disturbance of the sediment collection 

prevented completion of a full suite of analyses (no acetate concentration, methanogenesis or 

acetate oxidation samples were collected). 

Dive 4463 (LExEn 2002): This dive visited site GC232 (500 m water depth; see (ORCUTT 

et al., 2005; SAGER et al., 2003) for site details), near GC234 and GC185 on the northern slope, 

and collected oil-laden sediment cores from a patch of gray/white SOB mat (Fig. 3.1B).  A 

stream of bubbles emanated from the sediment during coring operations.  Due to the small 

number of sediment cores collected, not all analyses were possible with these sediments (no 

acetate concentrations, methanogenesis, acetate oxidation or CARD FISH measurements data are 

available). 

 

Sample manipulation and geochemistry analysis 

Upon retrieval, sediment cores were transferred to a 4 °C cold room and processed within 

a few hours under a stream of Argon gas.  Duplicate cores from each station were processed to 

obtain samples for AOM, SR and methanogenesis rate analyses; porewater and solid phase 

geochemistry and hydrocarbon concentration determination; and DNA- and RNA-based 

molecular analysis.  Cores from Dive 4463 were sectioned and analyzed as described previously 

(ORCUTT et al., 2005).  Cores from S0174 stations were sectioned at 2 cm intervals with the aid 

of a plastic manifold fitted to the core and a stationary plunger.  For C1-C4 hydrocarbon gas 

quantification, a 2 mL sub-sample was collected into a cut-off syringe, transferred immediately 

to and sealed in either a 9 or 16 mL helium-purged serum vial that contained 2 mL of helium-

purged 2M NaOH, which served to arrest biological activity in the sample.  For fluorescence in 
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situ hybridization analysis, 1 ml of sediment was fixed in 3.7% formaldehyde in phosphate 

buffered saline.  Sediments for DNA samples were collected by sterile metal spatula, transferred 

to pre-combusted glass jars sealed with dichloromethane-cleaned (to remove organics) Teflon® 

caps, and stored frozen at -20°C until analysis.  Porewater was collected by centrifuging 25 mL 

of sediment in a 50 mL plastic Falcon tube except for Station 161, where porewater was 

retrieved by squeezing using a pressure filtration system (0.2 μm cellulose acetate filters) at 

pressures up to 5 bars.  Sample fixation and analyses for quantifying dissolved hydrocarbon 

gases (methane, ethane, propane, iso-butane, butane and pentane), sulfide (HS-), sulfate (SO4), 

chloride (Cl-), bicarbonate (DIC or HCO3
-) and volatile fatty acids (primarily acetate) followed 

previously described methods (JOYE et al., 2004; ORCUTT et al., 2004).  Sediments for total 

carbon, organic carbon and carbonate contents were stored frozen until processing and analysis.  

Total carbon content was measured directly on aliquots of untreated, dried sediments in tin 

capsules on a ThermoFinnigan Flash elemental analyzer.  Inorganic carbon was removed from 

parallel samples stored in silver capsules following acidification by concentrated HCl vapors in 

an enclosed chamber; acidified samples were then analyzed on the elemental analyzer to 

determine the remaining organic carbon content.  The analytical procedures and methods to 

determine the named sediment parameters are documented in detail at http://www.ifm-

geomar.de/index.php?id=mg_analytik&L=1.        

Sediments preserved for C1-C4 hydrocarbon analysis (above) were subsequently used for 

analyzing total solvent-extractable organic matter (i.e. C15+ hydrocarbon) content (KENNICUTT et 

al., 1988; SASSEN et al., 1994).  Fixed sediments were extracted in dichloromethane and 

methanol with sonification using a modified Bligh and Dyer method (ORCUTT et al., 2005).  The 

total extract was evaporated to dryness to calculate the total weight of extracted material then 
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diluted in hexane and analyzed by gas chromatography using a Hewlett Packard 6890 

chromatograph equipped with a 30 m HP-5 capillary column.  As noted elsewhere (SASSEN et al., 

1994), chromatograms of extracts from oil-laden sediments with active microbial degradation of 

oil by-products are often characterized both by an unresolved complex mixture (UCM) of 

organic compounds present as a broad “hump” in the baseline and by the absence of n-alkane 

and isoprenoid compounds which are abundant in unaltered oils.        

 

Microbial activity measurements 

Samples for AOM, SR, bicarbonate-based methanogenesis (Bi-MOG), acetoclastic 

methanogenesis (Ace-MOG) and acetate oxidation (Ace-Ox) were collected in modified cut-end 

glass tubes and incubated with radiotracer following previously described methods (ORCUTT et 

al., 2005) with the exception ofAOM and SR samples from Dive 4463 which were collected and 

incubated in whole sub-cores as described previously (JOYE et al., 2004).  Rate samples were 

incubated in triplicate; rates are expressed as the average ± standard deviation (n=3).  For acetate 

metabolism, after 14CH4 produced during the incubation was stripped from the 14C-acetate 

amended tubes (to determine Ace-MOG), the remaining sediment was used for the analysis of 

Ace-Ox (i.e. oxidation of 14C-labeled acetate to 14CO2).  Sediment was transferred from the tubes 

to 250 ml distillation flasks and mixed with 30 ml of milli-Q® water.  5 ml of 20% zinc acetate 

(ZnAc) was added to samples to minimize volatization of 14C-acetate which would contaminate 

the 14CO2 distillate. Distillation flasks were attached to a “hot” distillation system using a water-

cooled condenser for stripping and capture of 14CO2 product released after acidification of the 

sample with 15 ml of 12M HCl (final concentration of HCl ~10%).  Samples were distilled for 

15 min. without heating following by 25 min. of heating to a slow boil and finally another 20 

 97



min. without heat.  A secondary acetate-vapor trap comprised of 10 ml of acidified (to pH 1) 5% 

ZnAc was installed before two base traps (10 ml of 1N NaOH), which serially captured 14CO2.  

After distillation, the base trap solutions were combined and a 2 ml aliquot of the solution was 

mixed with Ultima Gold scintillation cocktail and counted on an LS 6500 Beckmann counter.  

The acetate oxidation rates were calculated as follows:  

Ace-Ox Rate = [acetate] × αCH3COO-/t  ×  (a-14CO2/a-14C-acetate)  (Eq. 2) 

where the rate is expressed as nmol acetate reduced cm-3 d-1; [acetate] is the pore water acetate  

concentration corrected for porosity (nmol cm-3); αCH3COO- is the isotope fractionation factor 

(assumed to be 1.06 as for Ace-MOG; (GELWICKS et al., 1994; KRZYCKI et al., 1987)); t is 

incubation time (d); a-14CO2  is the activity of the product pool; and a-14C-acetate is the activity 

of the substrate pool. 

  

Microbial diversity measured with 16S rRNA gene libraries  

16S rRNA gene libraries were constructed from Station 140, Station 161 and Dive 4463 

sediments.  Although clone libraries were not constructed from Station 87 or Station 156 

sediments, other researchers have previously characterized the bacterial and archaeal 

communities in sediments that originate from the same sites and similar environmental settings 

(MILLS et al., 2003; MILLS et al., 2004).  Total DNA was extracted directly from 5-10 g of frozen 

sediment following the method of Zhou et al. (1996). Crude DNA was purified with the Wizard 

DNA Clean-Up Kit (Promega, Madison, WI).  Archaeal and bacterial 16S rDNA clone libraries 

were constructed for each sample using the primer sets Arch20f (MASSANA et al., 

1997)/Uni1392R (LANE et al., 1985) and ARCH20f/ARCH958R (DELONG, 1992) for archaea 

and EUB008f/EUB1492R; (KANE et al., 1993; MUYZER et al., 1995) for bacteria.  Polymerase 
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chain reaction (PCR) products were purified with the QiaQuick PCR Purification Kit using the 

manufacturer’s protocol (Qiagen, Hilden, Germany).  Clone libraries were constructed in pGEM-

T-Easy (Promega, Madison, WI, USA) or the TOPO pCR4 vector (Invitrogen, Karlsruhe, 

Germany) according to the manufacturer’s recommendations.  Sequencing was performed by 

Taq cycle sequencing with a model ABI377 sequencer (Applied Biosystems). The presence of 

chimeric sequences in the clone libraries was determined with the CHIMERA_CHECK program 

of the Ribosomal Database Project II (Center for Microbial Ecology, Michigan State University, 

http://rdp.cme.msu.edu/html/analyses.html). Potential chimeras were eliminated before 

phylogenetic trees were constructed. Sequence data were analyzed with the ARB software 

package (LUDWIG et al., 2004).  Phylogenetic trees of 16S rRNA gene sequences were calculated 

by parsimony, neighbor-joining, and maximum-likelihood analysis with different sets of filters. 

For tree calculation, only nearly full-length sequences were considered. Partial sequences were 

inserted into the reconstructed tree by parsimony criteria without allowing changes in the overall 

tree topology. Using different treeing methods, tree topology did not result in a stable branching 

order for all groups; consequently, some branches are displayed as multifurcated to reflect the 

instability. 

 

Results 

 

Biogeochemistry 

Station 87: Samples from the GC234 shallow gas hydrate site were covered by a dense 

mat of orange SOB and exhibited slight depth gradients in geochemistry and relatively low rates 

of microbial activity (Fig. 3.2A).  Chloride values throughout the core (~550 mM) were 
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comparable to those expected in seawater.  The sediment organic carbon content was relatively 

low (~2 carbon weight percent, Cwt%) while the carbonate carbon wt% was relatively high at 

depth (20-40 % from 15-30 cm).  The sediments contained 8.5 mg cm-3 solvent-extractable 

organic matter and C15+ chromatograms of the extract revealed a shallow UCM with defined n-

alkane and isoprenoid compound peaks (Fig. 3.3).  Methane was slightly elevated (up to 44 μm) 

in the upper 10 cm of the core and decreased to 3-4 μm below 10 cm (Fig. 3.2A); higher alkanes 

(i.e. ethane (C2), propane (C3), iso-butane (iC4) and n-butane (C4)) were below detection.  In the 

upper 10 cm, sulfide was elevated from background values (0.1 mM) up to ~1.5 mM.   Acetate 

varied from zero to 2 μM above 15 cm and increased to 26 μM by 30 cm.  There was no obvious 

sulfate methane transition zone (SMTZ) in this core.  Although the sulfate gradient did not 

indicate net consumption, significant SR rates were measured throughout the core, ranging from 

11 ± 1.2 to 800 ± 560 nmol cm-3 d-1 with several peaks in activity observed at 7, 17 and 29 cm.  

The highest rates of AOM (up to 5.7 ± 3.8 nmol cm-3 d-1) occurred in the upper 6 cm, with 

minimal activity below. In contrast, Bi-MOG rates became measurable below 6 cm and 

maintained a relatively constant rate of 0.1 ± 0.02 nmol cm-3 d-1 until 29 cm depth.  At this depth, 

Ace-MOG was detectable at 0.21 ± 0.06 nmol cm-3 d-1 but Ace-MOG activity was near zero at 

shallower depths.  The oxidation of acetate (Ace-Ox) was a greater sink for acetate, ranging from 

0.5 ± 0.1 to 3.1 ± 0.2 nmol cm-3 d-1 throughout the sediment column.    

Station 140: Sediments from a gas hydrate-rich area of the Chapopote asphalt volcano 

were oil-laden and had the highest levels of organic carbon (>20 Cwt% at the surface; Fig. 3.2B) 

and solvent-extractable organic matter (149 mg cm-3) measured in this survey.  The extracted 

C15+ hydrocarbons were highly degraded – the chromatogram contained no discernable n-alkane 

or isoprenoid peaks and a broad UCM (Fig. 3.3). Chloride was elevated nearly 2x greater than 
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background values at 9 cm (1066 mM) but was slightly fresher than seawater elsewhere in the 

core (512-545 mM, Fig. 3.2B).  Carbonate content ranged from 3.1 to 32.0 Cwt% with the 

highest value at 12 cm.  Sulfate was depleted throughout the core, ranging from 1.1 to 3.5 mM, 

although it is possible that higher sulfate values existed near the sediment-water interface, which 

was undetectable at the 2 cm resolution of the sampling.  Sulfide values were quite high 

throughout the core, ranging from 3.4 to 10.7 mM with a broad peak from 5 to 11 cm.  Methane 

ranged from 1.6 to 3.1 mM, with the highest values observed near the surface.  Acetate was also 

highest at the surface (405 μM) and remained relatively constant (105 to 130 μM) with depth.  

Although the methane concentration was relatively constant with depth, higher alkanes (C2-C4) 

exhibited depletion centered around 9 cm depth and again at 15 cm (Fig. 3.4A).  From the 

surface to 9 cm, ethane decreased from 313 to 57 μM, propane decreased the most from 781 to 

29 μM, iso-butane dropped from 184 to 7 μM and n-butane ranged from 31 to 2 μM.  Over the 

depths sampled, the ratio of iC4/C4 ranged from 3.5 to 6.1 and C1/(C1 + C2) varied from 0.91-

0.98.  Rates of SR, AOM and Bi-MOG were lower by at least an order of magnitude in St. 140 

sediment when compared to the other sites (Fig 2B).  SR and AOM were highest in the top layer 

of sediment at 0.9 ± 1.3 and 1.3 ± 0.01 nmol cm-3 d-1, respectively; Ace-Ox also peaked in this 

zone and was higher than either SR or AOM at 10.4 ± 3.4 nmol cm-3 d-1.  Bi-MOG activity 

peaked at 0.02 ± 0.001 nmol cm-3 d-1 at 7 cm and was absent above this depth.  Ace-MOG rates 

increased just below this depth and peaked at 13 cm at 0.4 ± 0.2 nmol cm-3 d-1; the highest rate of 

Ace-MOG in the sediments surveyed. 

Station 156: Sediments collected from a microbial mat near a hydrate outcrop and a tube-

worm bush exhibited some of the highest microbial activity rates of the sediments surveyed in 

this study and a strong SMTZ observed between 5 and 7 cm (Fig. 3.2C).  Chloride remained 
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constant with depth at seawater values.  The organic carbon content of the sediment increased 

slightly from ~6.5 to 8.5 Cwt% over depth (Fig. 3.2C) and the sediments contained 23.3 mg cm-3 

of solvent-extractable organic matter comprised on a broad UCM with no discernable n-alkane 

or isoprenoid compounds (data not shown).  Carbonate carbon content varied from 12.3 to 18.3 

Cwt% with a subsurface peak around 6 cm depth (Fig. 3.2C).   Sulfate decreased rapidly from 

seawater values at the sediment water interface to 4.7 mM at 7 cm and decreased gradually 

thereafter to 1.1 mM at the deepest depth sampled (13 cm).  Sulfide peaked at 7 cm at 10.6 mM, 

decreasing to 4.8 mM at the surface and 5.8 mM at depth.  Methane concentrations were also 

highest (3.3 mM) at 7 cm; methane concentration decreased to 0.2 mM at the surface and to 1.3 

mM at depth.  Ethane showed a similar pattern of distribution, although the highest concentration 

reached was 242 μM; other higher alkanes were below detection limit (Fig. 3.4B).  The C1/(C1 + 

C2) ratio ranged from 0.93 at the depth of highest ethane concentration to 0.99 elsewhere in the 

core.  Acetate was present in relatively high concentration throughout the core, ranging from 67 

to 472 μM with a general increasing trend with depth.  Sulfate reduction rates were extremely 

variable and were highest in the sediment above 7 cm, ranging from 48 ± 58 to 118 ± 102 nmol 

cm-3 d-1, and decreased to values below 1 nmol cm-3 d-1 at depth (Fig. 3.2C).  AOM activity was 

highest at 7 cm at 470 ± 0.5 nmol cm-3 d-1 and decreased to <100 ± 0.1 nmol cm-3 d-1 within 4 cm 

below or above that zone.   The highest rates of Bi-MOG (8.9 ± 2.0 nmol cm-3 d-1) occurred in 

the upper 2 cm and decreased to <2 nmol cm-3 d-1 below that depth.  Although acetate 

concentrations were highest in these sediments, the rates of Ace-MOG were the lowest 

measured.  Elevated Ace-MOG activity (0.03 ± 0.02 nmol cm-3 d-1) occurred in the upper 3 cm 

and the highest rates were found at 13 cm (0.07 ± 0.05 nmol cm-3 d-1).  Ace-Ox rates were 
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highest in these sediments, ranging from 11.7 ± 1.0 to 36.0 ± 13.8 nmol cm-3 d-1 with the 

maximum value occurring at 7 cm.   

 Station 161: Sediment collected from GC415 was highly disturbed due to the vigorous 

release of oil and gas from the seafloor during collection.  The sediments were oil-rich and had 

high organic carbon content (up to 2.6 Cwt%), very high carbonate content (up to 57.6 Cwt%) 

and the highest alkane concentrations measured in this survey in the upper layers of sediment 

(Figs. 2D, 3C).  The sediments contained 12.5 mg cm-3 of solvent-extractable organic matter 

characterized both by a broad UCM and strong n-alkane and isoprenoid peaks (data not shown).  

Chloride was elevated above background throughout the core, increasing from 612 mM at the 

surface to 3058 mM (5.5x background values) at 13 cm (Fig. 3.2D).  Sulfate was lower than 

seawater values at the surface (19.8 mM) and decreased to 3.9 mM by 13 cm.  The steepest 

gradient in sulfate occurred from 1-5 cm where methane concentration increased from 3 to 38 

mM.  Ethane ranged from 245-3612 μM, propane from 386-6921 μM, iso-butane from 241-2071 

μM, and n-butane from 115-1138 μM (Fig. 3.4C). The iC4/C4 ratio in these sediments ranged 

from 1.5-2.1 and the ratio of C1/C1 + C2 ranged from 0.82-0.89.  A mixture of sediment from 0-

10 cm exhibited SR and AOM rates of 559 ± 294 and 216 ± 43 nmol cm-3 d-1, respectively (data 

not shown).  Sediment below 10 cm had comparable rates of SR (676 ± 198 nmol cm-3 d-1) and 

AOM (162 ± 50 nmol cm-3 d-1; data not shown).   

Dive 4463: Porewater and microbial activity patterns in sediments collected from a 

microbial mat from site GC232 were similar to those measured from sediments from GC185 

(Station 156; Fig. 3.2E).  Chloride decreased from background values at the surface to ‘fresher’ 

values at depth (down to 430 mM), probably due to sublimation of gas hydrate during recovery.  

The organic carbon content varied between 4.2 and 7.4 Cwt% with a peak at 7 cm; carbonate 
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carbon content was relatively low (2.0-3.9 Cwt%) and peaked at 3 cm (Fig. 3.2E).  The 

sediments contained 30.3 mg cm-3 solvent-extractable organic matter characterized by a broad 

UCM with no distinguishable n-alkane or isoprenoid peaks (data not shown).  The steepest 

gradients of sulfate and methane occurred in the SMTZ between 3 and 7 cm (Fig. 3.2E).  Sulfate 

decreased from seawater values at the surface to 3 mM by 7 cm and to 1.6 mM by 11 cm.  

Methane peaked at 1 mM at 7 cm.  Sulfide had a broad peak in concentration from 13.6 to 15.6 

mM from 5-9 cm and displayed high values throughout the sediment column.  SR rates were 

highest (183 nmol cm-3 d-1) near the surface with a secondary peak in activity (130 nmol cm-3 d-

1) between 8 and 10 cm; AOM also peaked near the surface at 120 nmol cm-3 d-1.  As with 

Station 156 sediments, ethane distribution mirrored the methane distribution but was present at 

lower concentration (1.6-9.0 μM); the C1/(C1 + C2) ratio was >0.99 throughout the sediment and 

higher alkanes (>C3) were not detectable (Fig. 3.4D). 

  The highest integrated rates of AOM and SR in the upper 10 cm were found in 

sediments collected from shallow- to mid-water depth (<1000 m) gas hydrate sites in areas 

covered with white/grey sulfide-oxidizing bacterial mats (Stations 156, 161 and Dive 4463; 

Table 3.2).  SR often exceeded the rate of AOM in the sediments surveyed (Stations 87, 161, 

Dive 4463) although there were cases where AOM overall exceeded SR (Stations 140, 56).  SR 

and AOM rates exceeded the rates of other processes in all sediments except at Station 140, 

which had much higher acetate consumption rates than SR and AOM.  With the exception of 

Station 140 sediments, which had extremely low rates of AOM and SR activity and very long 

estimated turnover times for the methane and sulfate pools (tens to hundreds of years), the 

estimated turnover time for the methane pool in these sediments averaged tens of days while the 
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estimated time for turnover for the sulfate pool averaged at hundreds to thousands of days.   The 

oxidation of acetate could turnover the entire acetate pool in tens of days (Table 3.2).       

 

Microbial diversity and abundance  

  A total of 162, 212, and 166 16S gene clones were screened from Station 140, Station 

161 and Dive 4463 sediments, respectively (Table 3.3).  The 16S rRNA gene libraries obtained 

for the Bacteria and Archaea were phlyogenetically diverse and included numerous cultivated 

and uncultivated lineages (Figs. 5,6).   Substantial differences in sequence diversity between the 

samples investigated were apparent.  For instance, the JS1 group of Bacteria dominated the 

bacterial clone library from Station 140 sediments (40% of bacterial clones, n=83) but only made 

up 11% and 3% of the bacterial clones of Station 161 (n=118) and Dive 4463 (n=64) sediments, 

respectively (Table 3.3).    

SRB within the Deltaproteobacteria constituted a substantial fraction (35-41%) of the 

bacterial clone libraries from these sediments (Table 3.3, Fig. 3.5).  Clones from seep-related 

SRB groups (i.e. Desulfosarcina related spp., SEEP-SRB1, SEEP-SRB2, SEEP-SRB3) were the 

most abundant, although the proportion varied between sites (Table 3.3, Fig. 3.5).  In Station 140 

sediments, the majority of SRB clones grouped with the SEEP-SRB1 and –SRB2.  Members of 

the SEEP-SRB1 within the Desulfosarcina/Desulfococcus group are known to be involved in 

AOM in partnership with the ANME-2 archaea (KNITTEL et al., 2003; ORPHAN et al., 2001).  

Clones for the SEEP-SRB3 group within the Desulfobulbacae were the most abundant SRB 

phylotypes (31%, n=42) in the Station 161 sediments; sequences related to the Desulfosarcina 

and Desulfobacterium anilini were the second most abundant phylotypes observed (19% each).  

The SEEP-SRB4 phylotype was only observed in the Station 161 sediments.  No particular SRB 

 105



phylotype dominated the Dive 4463 sediments from GC232, which had strong representation of 

the Desulfosarcina, SEEP-SRB2, Desulfuromonas, and Desulfuromusa spp. groups.   

The ANME-1 phylotype dominated (49-53% of sequences) the archaeal clone libraries 

from all of the samples investigated (Table 3.3, Fig. 3.6).  The ANME-2c phylotype was 

abundant in the Station 140 (25%, n=79) and Dive 4463 (10%, n=102) and was the only ANME-

2 phylotype recovered from the Station 161 sediments.  Station 140 sediments also had 

sequences that grouped with the ANME-2b cluster whereas Dive 4463 sediments contained 

ANME-2a related sequences.  The ANME-3 group of AOM-mediating archaea was not detected 

in any of the samples.  Station 161 was the only site to have sequences group with the GOM 

ARC1 phylotype (LLOYD et al., 2006) which is most closely affiliated with the recently 

discovered ANME that mediates AOM in concert with denitrification (RAGHOEBARSING et al., 

2006).  All of the sites contained sequences that clustered within the Methanomicrobiales as well 

as sequences that grouped with the Marine Benthic Group D phylotype.  The Marine Benthic 

Group B of the Crenarchaeota phylotype was only found in the sediments from Dive 4463.                       

 Sediments similar to those from Stations 87 and 156 (Sites GC234 and GC185, 

respectively) have been analyzed previously for microbial diversity (MILLS et al., 2003; MILLS et 

al., 2004).  Those studies revealed that the SEEP-SRB1, SEEP-SRB2, SEEP-SRB3 and SEEP-

SRB4 phylotypes were present in the bacterial clone libraries, as well as sequences related to 

Desulfobacterium anilini (other Gulf of Mexico sequences labeled in Fig. 3.5).  The ANME-1 

and ANME-2 phylotypes are also present in the GC234 and GC185 sediments, but not the 

ANME-3 phylotype (Fig. 3.6).     

In a parallel study (ORCUTT et al., in preparation), the abundance of particular microbial 

groups within the sediments was quantified using catalyzed reporter deposition fluorescence in 
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situ hybridization.    Small (average 3 μm diameter) ANME-2/DSS consortia were detected in 

sediments from Stations 87, 140 and 161, although not in high abundance.  Larger (up to 15 μm) 

and more abundant ANME-2/DSS aggregates were observed in Station 156 sediments in both 

shell- and mixed-type configurations.  ANME-1 cells were abundant (>20% of total cells) in 

Station 87, 140 and 161 sediments but were nearly absent in Station 156 sediments. Sediments 

from Dive 4463 were unfortunately not preserved for analysis.      

 

Discussion 

To the best of our knowledge, this work represents the first survey of the impact of 

natural, endogenous oil and non-methane hydrocarbons on the rates of microbial activity and 

microbial community structure in surficial sediments from marine cold seeps.  As sulfate 

reduction and anaerobic oxidation of methane are dominant microbial metabolisms at cold seeps, 

we focused on these processes but also examined the coupling with methane production and 

acetate cycling.  Our results show that (1) significant rates of SR were supported by endogenous 

non-methane hydrocarbons in these sediments; (2) that acetate, possibly derived from oil-

degradation, was rapidly consumed by acetate oxidation; and (3) that the input of oil and higher 

hydrocarbons may have influenced the microbial community structure in sediments.  

As described previously (AHARON and FU, 2000; ARVIDSON et al., 2004; JOYE et al., 

2004; ORCUTT et al., 2005) and supported by this study, AOM and SR activities in GOM seep 

sediments are relatively high in comparison with sediments from other cold seep sites (BOETIUS 

et al., 2000; HINRICHS and BOETIUS, 2002; NIEMANN et al., 2006; SAHLING et al., 2002; TREUDE 

et al., 2003).   In vitro enrichment experiments with sediments from a variety of methane cold 

seeps showed that sediments from GOM gas hydrate sites had the highest methane-fueled sulfate 
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reduction potential per gram of sediment (KRÜGER et al., 2005).  This elevated activity may be 

related to higher AOM and SR-associated biomass in Gulf of Mexico sediments as compared to 

other sites (KRÜGER et al., 2005).  In this study, AOM and SR rates exhibited high variability 

between replicates in some instances; again indicating that significant small scale spatial 

variability exists in situ, as suggested previously (ORCUTT et al., 2005; TREUDE et al., 2003). The 

impact of macrofaunal pumping may also have significant local impacts on rates of sedimentary 

microbial activity (CORDES et al., 2005). It is possible that the high rates of SR observed at depth 

and the relatively flat profile of SO4
2- concentrations in Station 87 sediments (Fig. 3.2A) may 

have been influenced by pumping activity of the ‘roots’ of tubeworms, which are abundant at 

GC234 (MACDONALD et al., 2003), as the multicorer for this sample collection was placed 

directly beside a large tubeworm aggregation.   

Sulfate reduction often exceeded AOM in these GOM sediments, in some cases by up to 

two orders of magnitude (Fig. 3.1, Table 3.2).  For example, SR was consistently higher than 

AOM in oil-rich sediments from GC415, a 950 m deep site.  Non-methane hydrocarbons 

supported the observed sulfate reducing activity.  The ratios of iC4/C4 in these sediments, where 

iso-butane is consistently higher than n-butane, indicate that the more ‘labile’ higher 

hydrocarbons (i.e. n-butane) were consumed in situ (SASSEN et al., 1994; SASSEN et al., 1988).   

Interestingly, a comparison of the turnover times for the sulfate and methane pools (i.e. hundreds 

of days versus tens of days; Table 3.2) indicates that SRBs associated with AOM may be 

methane limited.    

  Sediments from the shallower (500-600 m water depth) gas hydrate sites (Station 87, 156, 

Dive 4463) were comprised of 10% or less organic carbon, contained 30 mg cm-3 or less solvent-

extractable organic matter which was characterized by a weak to moderate UCM of biodegraded 
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material, and contained 1-3 orders of magnitude more methane than other hydrocarbon gases.  

These sediments contained a mixture of ANME-1 and ANME-2 communities and a relatively 

high diversity of SRB.  In contrast, oily sediments from the Chapopote asphalt volcano 

(MACDONALD et al., 2004) which were characterized by high organic content (149 mg cm-3 

highly biodegraded solvent-extractable organic matter and 10-20% organic carbon) and high 

proportions of C2-C4 hydrocarbon gases were less diverse, with abundant ANME-1, very few 

ANME-2, and dominance of the SRB phylotypes by the SEEP-SRB1/DSS and SEEP-SRB2 

groups.  Additionally, the mid-water depth Site GC415 sediments (Station 161), which had 

relatively low quantities of less biodegraded solvent-extractable organic matter but high organic 

carbon content and C2-C4 gas concentrations contained multiple phylotypes which were not 

observed in the other sediments, including the SEEP-SRB4, Desulfocapsa related species, 

Acidobacteria, Nitrospina, Actinobacteria groups of bacteria and the GOM ARC1 group of 

Archaea which are most closely related to ANME archaea which partner with denitrifying 

bacteria instead of sulfate reducing bacteria (RAGHOEBARSING et al., 2006).  Notably, the Station 

161 sediments did not contain any SEEP-SRB2 related sequences.  Phylotypes closely related to 

the recently cultivated anaerobic butane oxidizing SRB (KNIEMEYER et al., In press) were also 

not observed in any of the sediments investigated.        

  Unlike previous findings with GOM cold seep sediments (ORCUTT et al., 2005), there 

was not a clear relationship between AOM and Bi-MOG in the GOM sediments investigated in 

this survey (Fig. 3.2).  Previous work suggested that ANMEs may mediate Bi-MOG in addition 

to AOM, as Bi-MOG was found to repeatedly occur at 10% of the rate of AOM in sediments and 

microbial mats where ANMEs dominated the archaeal community (ORCUTT et al., 2005; TREUDE 

et al., In press).  As ANMEs are thought to oxidize methane by ‘reversing’ methanogenic 
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enzymes (i.e. ANMEs contain most of the genes of known methanogenic pathways; (HALLAM et 

al., 2003; HALLAM et al., 2004; MEYERDIERKS et al., 2005; SHIMA and THAUER, 2005)); it is 

reasonable to assume that the enzymes could also work in ‘forward’ mode to generate methane.  

In this study, there were no obvious overlaps in the zones of peak AOM and Bi-MOG activity ex 

situ.  In fact, in Station 87 sediments the zones of peak AOM, Bi-MOG and Ace-MOG were 

distinct; Bi-MOG occurred at <4% the rate of AOM in the zone of highest AOM (Fig. 3.2A).  In 

sediments from the Chapopote asphalt volcano (Station 140), although Bi-MOG and Ace-MOG 

were spatially separated, AOM occurred throughout the core; in one zone Bi-MOG occurred at 

most at 7 ± 0.5% the rate of AOM and at <2% elsewhere (Fig. 3.2B).  In the zone of maximum 

AOM activity in sediments from the GC185 gas hydrate site (Station 156), Bi-MOG was <2% of 

the AOM rate (Fig. 3.2C).  Although the ex situ patterns did not indicate a 10% coupling of Bi-

MOG to AOM, in vitro enrichment experiments with these same sediments documented Bi-

MOG occurring at ~10% the rate of AOM in the presence of methane and sulfate (ORCUTT et al., 

in preparation); the observed difference between ex situ and in vitro incubations could reflect 

high spatial variability in the original sediments.   

Station 140 sediments had anomalously low rates of SR and AOM activity considering 

the availability of hydrocarbons in the sediments (Fig. 3.2, Table 3.2).   It is possible that 

benzene or other petroleum-derived compounds in these oil-rich sediments were at toxic levels 

that inhibited microbial activity. Although the diversity in Station 140 sediments was lower than 

at the other sites (Table 3.3), a substantial community of ANME-1 cells was observed in the 

sediments, suggesting that the high organic content of the sediments did not preclude the 

existence of those microorganisms. Sulfate concentrations were low (~1 mM) throughout the 

core; it is possible that AOM and AOM-related SR were limited by the availability of sulfate as 
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the electron acceptor sulfate.  Previous work has shown that limitation of AOM occurs when 

sulfate is in the low mM (1-2 mM) range (TREUDE, 2003).  To our knowledge, fluid flux rates for 

the Chapopote asphalt volcano are unknown, although persistent observation of oil slicks above 

the site indicate that substantial fluid flow occurs (MACDONALD et al., 2004).  It is possible that 

advection of reduced, sulfate-free fluids from the site leads to low sulfate availability within the 

sediment, thus prohibiting high rates AOM and SR.  Interestingly, the high carbonate content, a 

typical sedimentary signature of AOM, in the Station 140 sediments indicates that over longer 

periods of time hydrocarbon-fueled SR may be a significant process.  It is possible that SR 

activity in these sediments corresponds to fluid flux variations (i.e. SR occurs when sulfate is 

available at >1 mM).        

 

Conclusions 

 Due to the variability of fluid flow and composition, the Gulf of Mexico hosts a spectrum 

of hydrocarbon seep sites, ranging from methane-dominated systems to those with high relative 

proportions of C2+ alkanes and oils.  The microbial communities at these sites utilize the electron 

acceptor sulfate to oxidize the available hydrocarbons, although low sulfate availability (~1 mM) 

may limit consumption and activity in some settings.  Sulfate reducing bacteria comprise a 

significant proportion of the phylotypes observed in the sediments, regardless of the oil, 

hydrocarbon or organic carbon content.  The phylogenetic affiliations of the microorganisms 

responsible for the oxidation of non-methane hydrocarbons may vary and are unclear from this 

survey; future studies which utilize stable carbon isotopic analysis of lipid biomarkers may help 

elucidate the key players in these processes. 
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Figure Captions 

 

Figure 3.1. Study sites and sediment types in the Gulf of Mexico.  (A) Map of locations visited. 

Site from the LExEn 2002 cruise listed by dive number and marked with white dot; sites from 

the SONNE 174 2003 cruise listed by station number and indicated with black dots.  Contour 

lines in 500 m intervals.  Map created using Online Mapping Tool available at 

<www.aquarius.geomar.de>. (B) Photo of the sediment surface sampled at GC232, taken with a 

submersible-mounted Nikon® camera. (C)-(F) Photos of sediment surfaces as captured by a 

Nikon® camera mounted on an OFOS video sled.  

 

Figure 3.2. Composite profiles of geochemical species and rates of microbial processes 

measured in sediments collected from (A) Station 87/Site GC234, (B) Station 140/Site 

Chapopote, (C) Station 156/Site GC185, (D) Station 161/Site GC415 and (E) Dive 4463/Site 

GC232 in the Gulf of Mexico.  Error bars represent one standard deviation of the mean (n=3).  

See text for explanation of terms. 

 

Figure 3.3.  C15+ chromatograms of saturated hydrocarbons indicate the loss of distinguishable 

isoprenoids and alkanes in the heavily biodegraded oils in Station 140 sediments as compared to 

Station 87 sediments. 

 

Figure 3.4. Concentration profiles of C1 (methane), C2 (ethane), C3 (propane), iC4 (iso-butane), 

and C4 (n-butane) alkanes in sediments from the Gulf of Mexico. (A) Station 140 (Chapopote) 

core; (B) Station 156 (GC185) core; (C) Station 161 (GC415); and (D) Dive 4463 (GC232).  
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Note concentrations (in μM) are plotted on logarithmic scale; legend in panel (C) applies to all 

panels.  Dashed lines in (D) signify that concentrations are approximate as they are averaged 

over 5 cm intervals. 

 

Figure 3.5. Phylogenetic tree showing the affiliations of Gulf of Mexico 16S rRNA gene 

sequences to selected reference sequences of the Deltaproteobacteria. The tree was calculated on 

a subset of 174 nearly full length sequences by maximum-likelihood analysis in combination 

with filters, which considered only 50% conserved regions of the 16S rRNA of 

Deltaproteobacteria to exclude the influence of highly variable positions. A total of 1380 

positions were used for analysis. Partial sequences (ca. 500-1000 bp: AY211737, AY211747,  

AY324502, AY542603, AY542618, AY542577, AY542255, AY542232, AY324495, 

AY324519, GoM161_Bac52 and GoM140_Bac26) have been inserted into the existing tree by 

parsimony criteria with global/local optimization, without allowing changes in the overall tree 

topology. Cloned 16S rRNA gene sequences from Gulf of Mexico sediments are shown in green 

(station 140), blue (station 161), and red (station 4463). The bar represents 10% estimated 

phylogenetic divergence. 

 

Figure 3.6. Phylogenetic tree showing the affiliations of Gulf of Mexico 16S rRNA gene 

sequences to selected reference sequences of the Archaea. The tree was calculated on a subset of 

174 nearly full length sequences by maximum-likelihood analysis in combination with filters, 

which considered only 50% conserved regions of the 16S rRNA of Archaea to exclude the 

influence of highly variable positions. A total of 1208 positions were used for analysis. Partial 

sequences (ca. 550-850 bp: AY542216, AY542175, AY324526, AY542625, AY542583, 
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AY54252, DQ521773, DQ521769, DQ521768, DQ521764, DQ521759, DQ521755-DQ521757, 

AY211727, AY211714, AY211710, AY211709, AY211707, AY211704, AY211703, 

AY211700, AY211700, AY211696, AY211691, AY211690, AY211687, AY211685) have been 

inserted into the existing tree by parsimony criteria with global/local optimization, without 

allowing changes in the overall tree topology. Cloned 16S rRNA gene sequences from Gulf of 

Mexico sediments are shown in green (station 140), blue (station 161), and red (station 4463). 

The bar represents 10% estimated phylogenetic divergence. 
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Table 3.1. Gulf of Mexico site and sample descriptions.   

Stations Sample Description Site Name 
Coordinates 
(Lat./Long.) 

Water 
depth (m) 

87 orange Beggiatoa spp. SOB1 GC234 27o44.73 / 91o13.33 552 
156 white SOB, hydrate GC185 27o46.95 / 91o30.47 546 
140 oil, hydrate, carbonate nodules, 

disturbed during retrieval 
Chapopote 21o54.00 / 93o26.4 2902 

161 white SOB1, oil, hydrate, carbonate 
nodules, disturbed during retrieval 

GC415 27o33.48 / 90o58.86 950 

4463 white and gray SOB1, hydrate GC232 27o44.48 / 91o19.04 504 
1: SOB, sulfide oxidizing bacteria living in a ‘mat’ on the surface of the sediment
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Table 3.2. Integrates rates of sulfate reduction (SR), the anaerobic oxidation of methane (AOM), methanogenesis from carbon dioxide 

(BiMOG) or from acetate (AceMOG), and acetate oxidation (AceOx) and estimated turnover times of the methane (from AOM), 

sulfate (from SR), and acetate (from AceOx) pools for hydrocarbon-rich sediments from the Gulf of Mexico.   

Integrated rate (mmol m-2 d-1)a  Turnover time 

Station Site  SR AOM BiMOG AceMOG AceOx CH4 SO4 Acetate 
87 GC234 2.22 ± 1.1 0.19 ± 0.01 0.004 ± 0.001 0.002 ± 10-5 0.093 ± 0.014 5-53 d 28-2460 d 4-7 d 

140 Chapopote 0.04 ± 0.06 0.08 ± 0.01 0.0005 ± 10-5 0.386 ± 0.002 0.38 ± 0.15 4.4-24.4 a 3.5-530 a 27-159 d 
156 GC185 5.59 ± 4.6 16.15 ± 6.7 0.28 ± 0.07 0.001 ± 0.001 2.74 ± 0.76 5-13 d 91-2379 d 4-15 d 
161 GC415 27.9 ± 14.7 10.8 ± 2.2 n.m.b n.m. n.m. 6-12 d 6-35 d n.a.c 
4463 GC232 10.10 4.22 n.m. n.m. n.m. 7-15 d 2-264 d n.a. 

a: integrated over a depth of 0-10 cm  
b: n.m. not measured 
c: n.a. not applicable 
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Table 3.3. Overview of 16S gene sequences obtained from Gulf of Mexico sediments. 

Phylogenetic Group Station 140 Station 161 Dive 4463 
Alphaproteobacteria 0 2 0 
Gammaproteobacteria 2 4 2 
Epsilonproteobacteria 2 17 2 

Desulfosarcina rel. 3 8 4 
SEEP-SRB1 12 2 1 
Desulfobacter/Desulfotignum 2 0 2 
SEEP-SRB4 (Desulforhopalus rel.) 0 4 0 
Desulfocapsa rel. 0 3 0 
SEEP-SRB3 (Desulfobulbus rel.) 2 13 2 
SEEP-SRB2 (Desulfoarculus rel.) 7 0 5 
Desulfobacterium anilini rel. 0 8 2 
Syntrophus rel. 4 4 0 
Desulfuromonas rel. 0 0 5 
Desulfuromusa rel. 0 0 4 

D
el

ta
pr

ot
eo

ba
ct

er
ia

 

Bdellovibrio 0 0 1 
Fusobacteria 0 1 3 
Spriochaeta 3 0 1 
Bacteriodetes 2 14 11 
JS1 33 13 2 
Gemmatimonadales 1 0 0 
Acidobacteria 0 1 0 
Nitrospina 0 1 0 
Planctomycetes 2 5 0 
Deferribacteres 1 2 0 
Firmicutes 0 0 11 
Actinobacteria 0 1 0 
Cyanobacteria 0 1 0 
Thermomicrobia 3 12 3 
OD1 1 4 2 
WS1 0 0 1 

Ba
ct

er
ia

 

OP5 3 0 0 
ANME-1 42 45 52 
ANME-2a 0 0 8 
ANME-2b 2 0 0 
ANME-2c 20 6 10 
ANME-3 0 0 0 
GoM ARC1 (ANME-nitrate related) 0 3 0 
Methanosaeta 1 2 1 
Methanogenium/Methanofollis etc rel. 0 10 0 
Methanogenium/Methanofollis distantly rel. 11 19 8 
Marine Benthic Group D 3 7 14 

Ar
ch

ae
a 

Marine Benthic Group B 0 0 9 
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Figure 3.1.   
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Figure 3.2.  
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Figure 3.3. 
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Figure 3.4.  
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Figure 3.5. 
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Figure 3.6. 
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1 Orcutt, B!, V. Samarkin, A. Boetius, S. Joye.  In preparation for Environmental Microbiology. 
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Abstract/Summary 

The anaerobic oxidation of methane (AOM) in the marine subsurface is one of the most 

significant sinks for methane on Earth, yet our understanding of its regulation and dynamics is 

still incomplete.  Relatively few groups of microorganisms consume methane in subsurface 

environments - namely the anaerobic methanotrophic archaea (ANME clades 1, 2, and 3), which 

are phylogenetically related to methanogenic archaea.  AOM proceeds via a ‘reversed’ 

methanogenic pathway and the ANME are generally associated with sulfate reducing bacteria 

(SRB) as sulfate serves as the final electron acceptor for methane oxidation.  Our comparative 

study explored the coupling of AOM with sulfate reduction (SR) and methane generation (MOG) 

in methanotrophic communities from Gulf of Mexico cold seep sediments that were naturally 

enriched with methane and other hydrocarbons.  These sediments harbor a variety of ANME 

clades and SRB. Under an atmosphere of methane, AOM fuelled 50-100% of SR, even in 

sediment slurries containing petroleum-associated hydrocarbons and organic matter. In the 

presence of methane and sulfate, the investigated ANME communities produce methane at a 

small fraction (~10%) of the AOM rate.  AOM, MOG and SR rates decreased significantly with 

decreasing concentration of methane, and in the presence of the SR inhibitor molybdate, but 

reacted differently to the MOG inhibitor 2-bromoethanesulfonate (BES). The addition of acetate, 

a possible breakdown product of petroleum in situ and a possible intermediate in AOM/SR 

syntrophy, did not suppress AOM activity, but stimulated microbial activity in oily sediment 

slurries. 
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Introduction 

Biological activity is a major factor influencing methane seepage from ocean sediments.  

Though methanogenic archaea convert buried organic matter into methane in anoxic marine 

sediments, an estimated 90% (averaged globally) of methane is oxidized microbially, thus 

preventing the escape of methane from ocean sediments (HINRICHS and BOETIUS, 2002; 

REEBURGH, 1996). However, relatively little is known about this filtration process - the 

anaerobic oxidation of methane (AOM) - in terms of the biochemistry of the microorganisms 

involved and the factors influencing the efficiency of the process.   Understanding the controls 

on AOM is critical for predicting the regulation of methane consumption in oceanic sediments. 

Available data show that sulfate is the dominant oxidant for AOM in marine sediments 

according to the following net equation: 

CH4 + SO4
2- → HS- + HCO3

- + H2O,   (Eq. 1)  

where methane oxidation is coupled to sulfate reduction (SR; (HOEHLER et al., 1994; NAUHAUS 

et al., 2002).  Surprisingly, although the energy yield of this reaction under typical environmental 

conditions is meager (-20 to – 40 kJ/mol), it appears to be shared in a syntrophic relationship 

between methane-consuming archaea and sulfate reducing bacteria (SRB) (BOETIUS et al., 2000; 

HOEHLER and ALPERIN, 1996; ORPHAN et al., 2001a; VALENTINE, 2002).  The energy currency of 

this syntrophy remains unknown (NAUHAUS et al., 2002; SØRENSEN et al., 2001; VALENTINE, 

2002).  Recently discovered syntrophic consortia of methane-consuming archaea coupled with 

denitrifiying bacteria (RAGHOEBARSING et al., 2006) suggest that syntrophy may be essential for 

AOM.  The required spatial association of the syntrophic partners remains unclear, as some 

AOM-mediating ANMEs have been documented occuring as microbial mats, in attached 

consortia of various types (i.e. ‘shell’- and ‘mixed’-type), as well as without directly attached 
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partners (KNITTEL et al., 2005; ORCUTT et al., 2005; ORPHAN et al., 2002).  Of the globally-

distributed surficial sediment sites where AOM has been investigated, a limited diversity of 

microorganisms appear to be involved in sulfate-dependent AOM, namely the ANME-1, -2, and 

-3 clades of anaerobic methanotrophic archaea, which are distantly related to the 

Methanosarcinales clade of methanogenic archaea.  The ANMEs are commonly associated with 

sulfate reducing δ-Proteobacteria related to the Desulfosarcina, Desulfococcus, and 

Desulfobulbus clades (KNITTEL et al., 2003; KNITTEL et al., 2005).  The environmental 

parameters that may regulate the distribution of these groups are not well understood (KNITTEL et 

al., 2005; NAUHAUS et al., 2005; NIEMANN, 2005; ORCUTT et al., 2005).  

Recent work has highlighted the close phylogenetic and functional similarities between 

ANMEs and methanogens and raise questions about the metabolic flexability of ANMEs.   

Genes for enzymes typically associated with methanogenesis (MOG), many of which are easily 

reversible, were found in ANME metagenomic libraries (CHISTOSERDOVA et al., 2005; HALLAM 

et al., 2004; MEYERDIERKS et al., 2005).  There is significant evidence that a modified form of 

methyl-coenzyme M reductase (mcr) – the final enzyme used by methanogens to produce 

methane - cataylzes the first step of the AOM reaction in ANMEs (KRÜGER et al., 2003; 

MEYERDIERKS et al., 2005; SHIMA and THAUER, 2005).  Structural modifications of this mcr 

protein may overcome mechanistic inhibitions to allow for the activation of methane (SHIMA and 

THAUER, 2005).  The modified mcr protein extracted from Black Sea microbial mats, which are 

enriched in ANME-1, performs MOG at 10% of the rate of AOM (KRÜGER et al., 2003; SHIMA 

and THAUER, 2005). This same ratio of rates of MOG to AOM was observed in sediments 

collected from a Gulf of Mexico cold seep (ORCUTT et al., 2005) and in in vitro 14C-radiotracer 

experiments with Black Sea microbial mats (TREUDE et al., In press) while a higher ratio (30%) 
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in Black Sea mats was interpreted based on the carbon isotopic composition of methane and 

bicarbonate (SEIFERT et al., 2006).   Whether ANMEs mediate MOG for energy generation in 

situ, perhaps reversing the enzymatic pathway based on environmental cues, remains to be 

determined.  

Attempts to isolate the microorganisms responsible for sulfate-dependent AOM have not 

been successful; thus, understanding the functioning of AOM and its coupling with other 

processes must rely on in vitro experiments with sediments and materials which are naturally 

enriched in methane cycling microbes.  In this study, sediment from different methane-rich 

habitats that varied in water depth, methane flux, and availability of other carbon sources (i.e. 

oil) were collected and used for enrichment experiments to systematically investigate the 

coupling and interactions between AOM, SR and MOG in relation to various stimuli and 

inhibitors.  These experiments allow us to address the following questions: (1) What is the 

relationship between AOM and MOG in methanotrophic sediments? and (2) Does the presence 

of alternate carbon substrates such as acetate or non-methane hydrocarbons decouple AOM and 

SR?  

 

Materials and Methods 

 

Study Sites and Sample Collection 

Sediment samples used for these experiments were collected in October/November 2003 

during cruise SO-174 aboard the R.V. SONNE in the Gulf of Mexico (GOM; Fig. 4.1) as 

described elsewhere (ORCUTT et al., In preparation).  A brief description of the sites and cores 

retrieved is given in Table 4.1.  Detailed geochemical descriptions of these sites are published 
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elsewhere (BOHRMANN et al., 2004; MACDONALD et al., 2004; ORCUTT et al., In preparation).  

Following recovery on deck, sediment cores were transferred to a 4 °C cold room and processed 

within a few hours.  After collecting samples for geochemistry and other analyses, the remaining 

sediment was transferred under a stream of Argon gas via a metal spatula into 250 – 1000 ml 

glass bottles; bottles were then closed with butyl rubber stoppers and an open-hole screw cap.  

Samples were stored at 4 ºC until further processing at the UGA laboratory. 

   

Slurry Preparation and Sampling 

To examine the impact of a variety of compounds on the rates and coupling of AOM, SR, 

and MOG, sediments from a variety of cold seep sites were slurried and amended with specific 

compounds.  Three experiments were conducted: (1) comparison of rates in slurries amended 

with methane, methane plus acetate, or methane plus molybdate (molybdate is a specific 

inhibitor of sulfate reduction; (OREMLAND and CAPONE, 1988)) using sediment from all four 

sites; (2) comparison of rates in slurries amended with varying concentrations of methane using 

sediment from the shallow gas hydrate sites; and (3) comparison of rates in slurries incubated 

with or without added hydrogen and inhibitors (OREMLAND and CAPONE, 1988) of either SR 

(molybdate) or MOG (2-bromoethanesulfonate, BES) using sediment from a shallow gas hydrate 

site. 

Slurries were generated in an anaerobic chamber (5% H2/95% N2 atmosphere, COY 

Labs) by mixing 1 volume of sediment with 3-4 volumes of anoxic artificial seawater media in 

100 ml glass bottles.  The anoxic media was prepared using sterile techniques and contained 

major sea salts with sulfate (28 mM), bicarbonate (30 mM), ammonium (5 mM), phosphate (1.5 

mM), trace elements, vitamins, and sulfide (0.5-1 mM) (NAUHAUS et al., 2002; WIDDEL and 
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BAK, 1992).  After mixing, appropriate slurries were amended with specific compounds by 

addition of a small volume of an anaerobic stock solution to achieve the following initial 

concentrations: sodium acetate, 50 μM; 2-bromoethanesulfonate (BES), 5 mM; or sodium 

molybdate (Moly), 28 mM.  Bottles were sealed with Teflon®-lined rubber stoppers and an open-

hole screw cap and removed from the anaerobic chamber.  Subsequently, the headspace of all 

bottles was purged by insertion of one 25G 5/8” sterile needle attached to a gas line and a similar 

needle for venting overpressure for 30 minutes with either N2, CH4, or a mixture of 5% H2/95% 

N2 depending on the treatment.  A pure CH4 headspace resulted in a porewater CH4 

concentration of 1.2 mM at the beginning of the experiments.  For treatments that required a 

mixture of CH4 and other gases, appropriate volumes of the headspace were replaced by some 

fraction of pure CH4 gas.  Bottles were then incubated inverted for several weeks (Table 4.1) in a 

9 °C incubator with continuous shaking (60 rpm) with inversion every few days to resuspend 

sediment.  No media exchange or methane replenishment occurred during the course of the 

incubation.  The production of sulfide during this time period did not exceed a final 

concentration of 10 mM (data not shown), and is therefore not thought to interfere with the 

processes examined here (NAUHAUS et al., 2002). 

Following incubation, bottles were returned to the anaerobic chamber for subsampling.  

After mixing, each individual bottle was opened and immediately sampled with a sterile 10 ml 

plastic syringe fitted with a 10 cm length of sterile plastic tubing.  For methane concentration 

analysis, 2 ml of the slurry was transferred to a 6 ml glass headspace vial containing 2 ml of 1M 

NaOH solution; the vial was immediately sealed with a butyl rubber stopper and crimp seal.  1 

ml of slurry was aliquoted to a sterile 15 ml plastic centrifuge tube for FISH preservation.  The 

remaining slurry was transferred into a sterile 15 ml plastic centrifuge tube for subsequent 
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porewater extraction and analysis.  Sediment porosity and density averaged 0.6 and 1.2 g cm-3, 

respectively, in the mixed sediments (data not shown). 

Using the same sampling syringe, additional slurry was transferred in 2 ml aliquots to 

prepared reaction vessels for subsequent radiotracer injection for activity measurements using 

previously described techniques (ORCUTT et al., 2005).  Briefly, reaction vessels consisted of 

cut-end 20 ml glass Hungate tubes closed at one end with a rubber stopper and open-hole screw 

cap and at the other by insertion of a rubber plunger.  The slurry was introduced into reaction 

vessels via the sampling syringe and reaction vessels were subsequently closed without air 

bubbles.  From each treatment, replicate samples (n=4; 3 for experimental, 1 for killed control) 

were collected for each analysis in the following order – AOM, SR, MOG.   

After sampling, reaction vessels were removed from the anaerobic chamber and 

transferred to an 8°C incubator until further manipulation; geochemical samples were transferred 

to a 4°C refrigerator until further handling.  Samples for FISH were mixed with 3x volumes of a 

buffered (1xPBS) 3.7% formalin solution and fixed for 1 hour at 4°C.  Following fixation, 

samples were centrifuged at 4500 rpm for 20 minutes at 4°C, washed twice with 1xPBS, and 

subsequently stored in 2 ml 1:1 1xPBS:ethanol at -20°C.  Samples for porewater analyses were 

centrifuged at 4500 rpm at 4°C for 15 minutes, supernatant was poured into a 10 ml plastic 

syringe fitted with a 0.2 μm syringe filter and filtered into a glass vial.  Aliquots of the filtered 

porewater were transferred immediately to prepared 4 ml glass vials for the following analyses.  

Samples for anion (sulfate and chloride) concentration were mixed with 0.01% [v/v] 

concentrated HNO3.  Samples for sulfide analysis were fixed 1:1 [v/v] with 20% [w/v] zinc 

acetate solution.  Vials for dissolved inorganic carbon (DIC) analysis were completely filled to 

reduce the possibility of gas flux in or out of the headspace before analysis (within 24 hours).  
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Analytical procedures and instrumentation for these geochemical analyses have been described 

previously (ORCUTT et al., 2005). 

 

Microbial Activity Measurements 

To measure AOM, SR and MOG rates, turnover of radiotracer compounds was evaluated 

in comparison to killed controls, which were fixed (see below) prior to isotope injection. For 

AOM, 100 μl of 14CH4 dissolved in anoxic sterile milliQTM water (~15 nCi) was injected into 

each sample of the quadruplicate sets.  SR samples were injected with 100 μl (~10 μCi) Na35SO4 

dissolved in anoxic sterile milliQ water.  Finally, samples for MOG analysis were injected with 

100 μl (~5 μCi) NaH14CO3 dissolved in anoxic sterile milliQ water.   Following isotope addition, 

reaction vessels were stored inverted in an 8°C incubator for 24 hours with gentle inversion for 

mixing every 2-4 hours until termination of the reactions by injection of fixative solutions.  For 

AOM and MOG, samples were fixed by injecting 2 ml 2M NaOH solution directly into the 

reaction vessel followed by thorough mixing.  For SR, samples were killed by injecting 5 ml 

20% [w/v] zinc acetate solution followed by thorough mixing.   Subsequent measurement of the 

activities of the various product and reactant pools in the radiotracer experiments and calculation 

of rates followed previous methods (ORCUTT et al., 2005).  Analyses were done in triplicate; 

rates are presented as the mean of the samples ± one standard deviation of the mean (n=3).  All 

rates were normalized to the sediment volume of the slurry and are reported as nmol (CH4 or 

SO4
2-) cm-3 d-1.  

 

Microbial community structure 
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 The microbial community structure in the various slurry experiments was evaluated using 

techniques that target 16S rRNA.  Some of the sediment contained significant quantities of oil, 

which inhibited detection of cells stained using mono-labeled fluorescence in situ hybridization 

probes (ORCUTT et al., 2005). Thus, signal-amplifying catalyzed reporter deposition fluorescence 

in situ hybridization (CARD-FISH) techniques were employed to determine the abundance and 

associations of microorganisms (PERNTHALER et al., 2002).  Hybridization and cell counting 

procedures followed previous methods (ORCUTT et al., 2005) with the addition of a 

permeabilization treatment in proteinase K solution (incubation in 0.01 % [w/v] proteinase K, 

0.1M Tris-HCl, 0.05M EDTA at 37°C for 1 hr followed by washing with phosphate buffered 

saline) to target archaeal cell walls (TEIRA et al., 2004).   The CARD FISH probes used here 

included ANME1-350 (ORPHAN et al., 2001b) for the ANME1 clade of  Euryarchaeota (50% 

formamide (FA) in hybridization buffer), EelMSX932 (BOETIUS et al., 2000) for the ANME2 

clade of Euryarchaeota (50% FA), and DSS658 (MANZ et al., 1998) for the Desulfosarcina 

spp./Desulfococcus spp./Desulfofrigus spp./Desulfofaba spp. clades of sulfate reducing δ-

Proteobacteria (55% FA).   

 

Results 

 

Community composition 

The distribution of ANMEs and certain SRB groups were quantified using CARD-FISH 

(Table 4.2).  Neither the community composition nor abundance of specific microbial groups as 

measured by CARD-FISH changed significantly in any of the treatments in these experiments 

(data not shown). Station 87 sediments contained a relatively low quantity (<10% of total cells) 
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of small (average 3 μm diameter) shell-type ANME2/DSS consortia as well as populations of 

ANME-1 rods (~20%) and free-living DSS cells.  The ANME-1 rods typically occurred as 

double rod chains, although occasionally chains of 4 or more rods were also observed.  ANME-1 

rods were also abundant (~20%) in Station 140 sediments; very few small mixed consortia of 

ANME2/DSS were observed.  Station 156 sediments contained abundant shell- and mixed-type 

consortia of ANME2/DSS ranging in size from 3 μm to >15 μm outer diameter; ANME-1 were 

not abundant in Station 156 sediment.  Station 161 sediments were comprised of roughly 20% 

ANME-1 rods and small rod chains; a few small ANME2/DSS aggregates were also visible 

encased in a thick organic matrix with entrained oil. 

 

Experiment 1 – Stations 87, 140, 156 and 161 

Sediments originating from shallow gas hydrate sites (Stations 87 and 156) exhibited the 

highest potential rates of SR, AOM and MOG (Fig. 4.2).  Sediment collected near surface 

breaching, oil-laden gas hydrate (Station 156) had significant rates (70 ± 8 nmol cm-3 d-1) of SR 

in the methane-free control; however, SR rates increased significantly when amended with 

methane or methane plus acetate (398 ± 33 and 651 ± 37 nmol cm-3 d-1, respectively).  In 

contrast, sediment from another gas hydrate site (Station 87) had low rates of SR (9 ± 2 nmol cm-

3 d-1) in the methane-free control but again rates increased significantly when amended with 

methane or methane plus acetate (212 ± 33 and 392 ± 53 nmol cm-3 d-1, respectively). The ratio 

of methane-dependent SR to AOM varied between 0.8-1.2 in the methane-only treatments.  SR 

was completely inhibited by the addition of molybdate.  AOM was not observed in methane-free 

controls but rates were substantial in the presence of methane or methane plus acetate (265 ± 33 

nmol cm-3 d-1 with methane; 318 ± 45 nmol cm-3 d-1 with methane and acetate; range of stations 
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156 and 87).  Addition of molybdate inhibited >90% of AOM in slurries of stations 156 and 87.  

Addition of acetate to the shallow gas hydrate sediments with methane significantly increased 

SR but not AOM, indicating that the acetate had fueled an AOM-independent fraction of the 

SRB community.  MOG rates in the shallow gas hydrate sediments were negligible in the control 

treatments but reached 20 ± 3 to 28 ± 4 nmol cm-3 d-1, respectively, in methane and methane plus 

acetate amended treatments.  Hence, MOG was roughly 10% of AOM in the carbon addition 

experiments. Rates of MOG were lower in the molybdate treatments by 70-80% but in these 

treatments MOG rates accounted for 40-50% of AOM rates. 

Rates of SR in sediment from the deeper gas hydrate site (Station 161; 113 ± 26 to 142 ± 

30 nmol cm-3 d-1) were comparable to shallow gas hydrate sediments but were lower in 

sediments collected from the asphalt volcano site (Station 140; 11 ± 0.1 to 21 ± 4 nmol cm-3 d-1 

Fig. 4.2).  Both AOM (13 ± 5 to 36 ± 11 nmol cm-3 d-1) and MOG (0.9 ± 0.1 to 2.6 ± 0.2 nmol 

cm-3 d-1) rates in these samples were lower than those measured in the shallow gas hydrate sites.  

Addition of acetate to these sediments did not significantly increase the rates of SR although 

both AOM and MOG rates were stimulated significantly by acetate (i.e. rates roughly doubled in 

the presence of acetate).  Rates of MOG were 15-19% of AOM rates in sediments from the 

deeper hydrate site and 7% in sediment from the asphalt volcano.  In asphalt volcano sediments 

(station 140) in the presence of methane, rates of AOM were consistently higher than SR, 

especially when acetate was added (15 ± 1% to 60 ± 30% greater AOM than SR).    

 

Experiment 2 – Station 156 

 The second experiment examined the effects of varied methane concentrations on 

microbial activity rates in shallow gas hydrate sediment (Station 156, Fig 3).  Rates of SR, AOM 
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and MOG showed a positive linear trend with increasing methane concentration from 50-700 µM 

CH4. As in Experiment 1, SR occurred in sediments from Station 156 without the addition of 

methane.  Subtracting this non-methane-based SR value (70 ± 8 nmol cm-3 d-1) from the carbon 

addition values gave SR rates comparable to the rates of AOM, with a ratio of SR to AOM 

varying from 0.9-1.2.  MOG rates in the Station 156 treatments were ~10% of AOM rates at 

higher methane concentrations, increasing to 35% when methane concentrations were less than 

50 μM.     

 

Experiment 3 – Station 87 

  This experiment evaluated the response of microbial activity under conditions favoring 

methanogenesis or methanotrophy to elucidate the role of anaerobic methanotrophs in mediating 

MOG.  To this end, slurries of shallow gas hydrate sediment (Station 87) were amended with or 

without hydrogen and inhibitors of either SR (molybdate) or MOG (2-bromoethanesulfonate, 

BES).  SR occurred in these sediments without the presence of methane and when not inhibited 

by molybdate (rates 35 ± 10 to 38 ± 4 nmol cm-3 d-1).  Rates of SR significantly increased more 

than two-fold (89 ± 9 to 103 ± 14 nmol cm-3 d-1) when incubated with methane (Fig. 4.4).  In 

contrast, rates of AOM and MOG were essentially zero without the presence of added methane, 

even though the initial environmental conditions were favorable for methanogenesis from 

H2/CO2.  Some methane was measurable in the treatments without methane addition and may 

reflect endogenous methane which was not completely purged from the slurry at the beginning of 

the experiments; thus negligible rates of AOM were measured in the treatments without added 

methane (Fig. 4.4). AOM rates averaged 22.5 ± 3 nmol cm-3 d-1 in treatments with methane or 

with methane plus BES (an inhibitor of MOG) but decreased significantly to 3 ± 0.2 nmol cm-3 d-
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1 when incubated with molybdate to block SR.  MOG rates averaged 0.7 ± 0.1 nmol cm-3 d-1 in 

the methane and methane plus BES treatments and increased to 1.8 ± 0.1 nmol cm-3 d-1 when SR 

was blocked by molybdate.  Notably, MOG was not significantly inhibited by addition of BES at 

the concentrations used in this experiment (5 mM).  

 

Discussion 

 

On the Coupling of AOM and SR in the presence of other carbon substrates 

Significant rates of SR were supported by non-methane carbon substrates in the absence 

or presence of methane in the sediment slurries investigated here (Figs. 2-4). This was observed 

previously in field experiments (JOYE et al., 2004; ORCUTT et al., 2005). As AOM and methane-

fueled SR were occurring at a ~1:1 ratio, the presence of other hydrocarbons and organic matter 

apparently had no effect on methane turnover. Most likely, different types of SRB utilize the 

different hydrocarbons and organic matter available in the sediments (see Table 4.1 for organic 

carbon weight percent in original sediments). Recently, a novel sulfate-reducing bacterium that 

grows on butane and propane was cultivated from similar GOM sediments, supporting the 

finding that endemic sulfate-reducing bacteria can grow anaerobically on non-methane 

hydrocarbons (KNIEMEYER et al., In press).  This novel strain is closely related to the 

Desulfosarcina-grouped clade which is associated with ANME communities and often found at 

hydrocarbon seeps (KNITTEL et al., 2003; ORPHAN et al., 2001a).  In our experiments, volatile 

alkanes such as butane and propane would have been stripped from the slurries during initial 

purging, but it is possible that they were produced from oil degradation over the course of the 
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incubation.  It is unknown which non-methane substrates fueled SR in these sediments, although 

slurries did contain a significant proportion of endogenous oil. 

Acetate is a probable breakdown product of petroleum-derived compounds in situ; 

surveys show that concentrations of acetate in oil-laden marine sediments are relatively high 

(ORCUTT et al., 2005; ORCUTT et al., In preparation).  Acetate has also been proposed as a 

possible intermediate in AOM/SR syntrophy (NAUHAUS et al., 2002; SØRENSEN et al., 2001; 

VALENTINE, 2002), potentially being produced by the AOM-performing partner and 

subsequently consumed by the SRB-partner.  Previous studies with methanotrophic communities 

from the Hydrate Ridge cold seeps or Black Sea microbial mats indicate that acetate does not 

have a stimulatory affect on SR in AOM/SR communities ex situ (NAUHAUS et al., 2005); 

however the availability of acetate for the Hydrate Ridge and Black Sea communities is 

unknown.  In sediments naturally enriched in acetate (i.e. oil-laden Gulf of Mexico sediments), 

could this compound have a stronger influence on AOM/SR activity?  

Acetate had differential effects on microbial activity depending on the endogenous 

microbial community present.  In samples from shallow gas hydrate sites, which contained high 

quantities of ANME-2, acetate stimulated SR but not AOM or MOG (Fig. 4.2).  In contrast, in 

samples from the deeper gas hydrate site or the asphalt volcano, where ANME-1 communities 

were more abundant than ANME-2, acetate stimulated both AOM and MOG but not SR (Fig. 

4.2).  Surprisingly, in station 140 sediments with a higher proportion of ANME-1 cells, AOM 

exceeded rates of SR when acetate and methane were added. Acetate addition did not cause a 

negative effect on AOM in any of the experiments, as would be expected from an intermediate in 

the syntrophic interaction between methanotrophs and SRB.  These findings suggest that SRB in 
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the ANME-2-rich oil-laden sediments can take advantage of acetate whereas the SRB in 

sediments richer in ANME-1 cannot. 

 

On the coupling of AOM and MOG 

In agreement with field data (ORCUTT et al., 2005) and laboratory incubation of AOM-

mediating microbial mats from the Black Sea (TREUDE et al., In press), the rate of MOG in most 

sediment slurries amended with methane was roughly 10% of the AOM rate (Figs. 2-4).  In 

contrast to the shallow gas hydrate sites, which contained more ANME-2 than ANME-1, the 

deeper gas hydrate site and the asphalt volcano had only a few small ANME-2/DSS aggregates 

and more ANME-1 rods.  It appears that both phylogenetic groups have roughly the same 

potential for MOG in proportion to AOM.  The inhibition of SR by molybdate had a strong effect 

on both AOM and MOG, causing the rates to decrease to 10 and 20%, respectively, of the non-

inhibited rates.  The decrease in AOM rates would be expected if AOM was linked with SR, 

which was directly inhibited by molybdate; the decrease in MOG could be explained if MOG 

was performed by the indirectly-inhibited AOM-mediating microorganisms.    

AOM, MOG and SR all increased with increasing CH4 concentration (Fig. 4.3).  This 

indicates that methane availability is a key factor driving microbial activity in these sediments. 

As observed in Experiment 3, neither AOM nor MOG occurred without the presence of methane, 

even though environmental conditions were favorable for MOG from H2 and CO2 (Fig. 4.4).   

Thus, MOG did not occur unless AOM occurred.  Similar results have been observed with 

anaerobic methanotrophic microbial mats from the Black Sea in ex situ experiments (TREUDE et 

al., In press).  One possible explanation for this observation is that the ANMEs perform AOM, 

which only happens when methane is present, and that some degree of enzymatic back-reaction 
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of methanogen-related enzymes occurs which results in the methane production (SHIMA and 

THAUER, 2005).  Under the conditions tested, it does not appear that ANMEs ‘switch’ their 

metabolic mode to perform MOG for energy generation when AOM is not possible due to 

methane limitation.   

Based on genomic and proteomic evidence indications that ANME perform 

methanogenesis using modified methanogenic enzymes (HALLAM et al., 2003; HALLAM et al., 

2004; KRÜGER et al., 2003; MEYERDIERKS et al., 2005; SHIMA and THAUER, 2005), both MOG 

and AOM should be inhibited by the addition of 2-bromoethanesulfonate, a structural analogue 

to coenzyme M and inhibitor of the methyl-coenzyme M reductase complex (OREMLAND and 

CAPONE, 1988).  In enrichment experiments with sediments from other cold seep habitats, 

addition of 1 mM BES inhibited sulfate reduction presumably linked to AOM (NAUHAUS et al., 

2005).  In our experiments, neither AOM nor MOG were significantly inhibited by a 5 mM 

addition of BES (Fig. 4.3).  It is possible that the concentration of the BES inhibitor was too low 

to affect the microorganisms in these sediments (OREMLAND and CAPONE, 1988), although a 

lower concentration was effective for other AOM-communities (NAUHAUS et al., 2005).  The 

AOM-mediating communities in Gulf of Mexico sediments may be differentially susceptible to 

BES compared to those from other environments; for instance, previous work with cultured 

methanogens shows that CO2-reducing methanogens require much higher concentrations of BES 

for inhibition than do acetate-utilizing methanogens (OREMLAND and CAPONE, 1988; ZINDER et 

al., 1984).   Likewise, slurry experiments with sediments from methane-rich, hypersaline 

environments show that much higher BES concentrations were required to inhibit 

methanogenesis (OREMLAND et al., 1982).  It is also possible that the AOM and MOG-mediating 

microorganisms in the Gulf of Mexico sediments are resistant to BES.  Studies with cultured 
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methanogens show that immunity to BES can be achieved by developing cell walls which are 

impermeable to the compound (SMITH, 1983; SMITH and MAH, 1981). 

  

Conclusions 

 AOM is one of the largest methane consuming processes on Earth, yet our understanding 

of the regulation and mechanics of this process is still uncertain.  To evaluate and correlate 

variations in methane-related microbial activity with community structure, carbon substrates, and 

stimulation or inhibition by various compounds, a series of enrichment experiments utilizing 

sediments from a four methane-rich cold seep environments were conducted.  In combination 

with other environmental surveys (ORCUTT et al., 2005; TREUDE et al., 2005) and laboratory 

enrichment experiments (NAUHAUS et al., 2002; NAUHAUS et al., 2005; TREUDE et al., In press), 

this study suggests that SR and AOM are strongly coupled, and that other carbon sources added 

like petroleum-associated hydrocarbons or acetate will mainly fuel other parts of the microbial 

community independent of methane. Furthermore we can confirm that ANME communities are 

regularly responsible for some degree of methane production when they perform AOM.  It does 

not appear that ANMEs ‘switch’ their metabolic mode to generate energy from MOG alone, 

indicating that the modified methanogenic enzymes they possess are adapted for methane 

consumption.  Enzymatic studies with mutants designed to contain the genes for the modified 

methanogenic pathway enzymes could help resolve how MOG occurs in ANME and if it may be 

attributed to an enzymatic back reaction.  Further kinetic studies of enriched ANME 

communities cycling carbon substrates of known and controlled stable isotopic composition 

would help resolve whether ANME-mediated-MOG impacts the stable isotopic signature of 
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compounds in the environment, which may effect the interpretation of environmental isotopic 

surveys.   
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Figure Captions 

 

Figure 4.1. Study sites in the Gulf of Mexico from SO-174.  Map created using the Generic 

Mapping Tool available at www.aquarius.geomar.de 

 

Figure 4.2. Microbial activity of (A) sulfate reduction (note break in scale bar); B) anaerobic 

oxidation of methane; and (C) methanogenesis measured in experiment 1.  All panels have units 

indicated in panel B but different scales.  Error bars represent 1 standard deviation of the mean 

(n=3).  Asterisks indicate treatment was not conducted. 

 

Figure 4.3. Rates of microbial activity in slurried sediment from Station 156 in relation to 

various methane concentrations.  Solid black symbols, SR; open symbols, AOM; grey symbols, 

MOG.  SR’ in top panel indicates AOM-dependent SR rates.  Error bars represent one standard 

deviation of the mean.  MOG rates presented are 10x the measured rates so that all rates are on 

the same scale. 

 

Figure 4.4. Rates of microbial activity in slurries amended with hydrogen and with (right) or 

without (left) methane.  Units of rates in all panels equivalent to middle panel values although 

scales vary.  Error bars represent one standard deviation of the mean (n=3).
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Table 4.1. Site descriptions for the Gulf of Mexico sediments used in these experiments.   

Stations Exp. Sample Description Site Name 
Coordinates 
(Lat./Long.) 

Water 
depth (m) 

Incubation 
period (d) 

OC 
(wt%)1 

87 1,3 orange Beggiatoa spp.  GC234 27o44.73 / 91o13.33 552 68 ~2 
156 1,2 white SOB2, oily hydrate GC185 27o46.95 / 91o30.47 546 29 ~8 
140 1 oil, hydrate, carbonate nodules, 

disturbed during retrieval 
Chapopote 21o54.00 / 93o26.4 2902 68 10-20 

161 1 white mat, oil, hydrate, carbonate 
nodules, disturbed during retrieval 

GC415 27o33.48 / 90o58.86 950 68 0-12 

1: OC, organic carbon weight percent (wt%) (ORCUTT et al., In preparation) 
2: SOB: Sulfide oxidizing bacteria occurring as a ‘mat’ on the surface of the sediment. 
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Table 4.2.  Abundance of ANME groups in sediments in these experiments as measured by 

catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) with 16S rRNA 

specific probes.   

Station Cell density 
[cells cm-3] 

ANME-1 
[%] 

ANME-2 
[%] 

87 3.2 x 109 22 <10 
140 1.7 x 109 21 <1 
156 9.6 x 109 <1 ~30 
161 1.1 x 109 17 <1 
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Figure 4.1.  
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Figure 4.2.  
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Figure 4.3.  
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Figure 4.4.  
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CHAPTER 5 

 
LIFE AT THE EDGE OF METHANE ICE: MICROBIAL CYCLING OF CARBON AND 

SULFUR IN GULF OF MEXICO GAS HYDRATES1 

 

 

 

 
1 Orcutt, B., A. A. Boetius, S.K. Lugo, I.R. MacDonald, V. Samarkin, S.B. Joye. 2004. Chemical Geology 205: 239-

251.  Reprinted here with permission from the publisher. 
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Abstract 

The processes of methane oxidation and sulfate reduction were examined in sub-samples 

of gas hydrate associated materials collected along the Gulf of Mexico continental slope.  

Standard radiotracer techniques were used to determine rates of microbial activity in different 

layers of the hydrate environment, including outer sediment, interface sediment, worm-burrow 

sediment, interior hydrate and a mixture of hydrate and sediment.  The anaerobic oxidation of 

methane (AOM) and sulfate reduction (SR) were observed in all hydrate samples examined and 

the rates of these processes showed similar spatial trends between different hydrate layers.  

Highest rates of both AOM and SR were observed at interface between the sediment and hydrate.  

AOM rates were about 3-11 nmol cm-3 d-1 in worm burrow and interface sediments as compared 

to <1 nmol cm-3 d-1 in other hydrate material types.  Rates of SR ranged from 59 - 490 nmol cm-3 

d-1 in worm burrow and interface sediments while rates in interior hydrate samples were an order 

of magnitude lower.  These rates observed in hydrate materials are lower than rates from nearby 

methane-rich sediments at ambient temperatures.  Nevertheless, our data show that active 

microbial populations inhabit all layers of the hydrate environment and suggest their activity may 

impact biogeochemical methane and sulfur cycling in this unique niche.      
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1.  Introduction 

Gas hydrates represent one of the largest and most dynamic reservoirs of organic carbon, 

in particular methane, on Earth (COLLETT and KUUSKRAA, 1998; KVENVOLDEN, 1993).  Current 

estimates of the mass of carbon in global gas hydrate vary; however, the reservoir mass is 

probably between 1018 – 1019g of carbon (COLLETT and KUUSKRAA, 1998; DICKENS, 2001; 

KVENVOLDEN, 1998).  Data from geochemical models, paleontological analyses and stable 

carbon isotopes suggest that large changes in global hydrate inventories have contributed to rapid 

shifts in global climate in past periods of Earth history (DICKENS et al., 1995; HESSELBO et al., 

2000; KENNETT et al., 2000; NORRIS and ROEHL, 1999).  The largest fraction of the gas hydrate 

reservoir is buried beneath 200-300 m of sediment at the base of continental margins 

(KVENVOLDEN, 1993), where rates of methane oxidation may be presumed to be slow (HOEHLER 

et al., 2000).  Gas hydrate deposits may also occur in the upper few meters of seafloor sediments 

(BROOKS, 1984; BROOKS et al., 1991; GINSBURG et al., 1999; GINSBURG et al., 1992; 

MACDONALD et al., 1994).  In these settings, particularly when a hydrate deposit is exposed to 

seawater or covered by a thin drape of sediment, methane oxidation, dissolution of hydrate gases 

into seawater, and microbial alterations of gas hydrate would be expected to be much more 

active.   

On a global scale the aerobic and anaerobic microbial oxidation of methane is estimated 

to consume 80-90% of the methane produced by natural and anthropogenic sources annually 

(REEBURGH, 1996; REEBURGH et al., 1993).  However, rates of methane oxidation in hydrate 

environments are poorly documented (HINRICHS and BOETIUS, 2002).  Microbial methane 

oxidation functions like a barrier in consuming upwardly diffusing hydrate-derived methane in 

the overlying sediments (HOEHLER et al., 2000) and in the overlying water column (VALENTINE 

et al., 2001).  Methane oxidation could thus ameliorate or buffer climate impacts resulting from 
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slow hydrate dissociation.  Rapid destabilization of hydrate may result in gas bubbling and 

floating of hydrates and is most likely not controlled by microbial methane oxidation.  However, 

microbial consumption in and around hydrate affects hydrate stability, which depends not only on 

temperature and pressure, but also on methane concentration in the vicinity of hydrates.  

Sediment methane oxidation effectively sequesters hydrate carbon in the form of carbonates over 

longer time scales (MICHAELIS et al., 2002; SASSEN and MACDONALD, 1994) while water column 

oxidation may aid in sequestering methane-derived carbon in the planktonic food web as organic 

or inorganic carbon (KENNETT et al., 2000). 

In marine sediments, microbial anaerobic oxidation of methane (AOM) and sulfate 

reduction (SR) proliferate near the methane-sulfate interface, where supplies of oxidant (sulfate, 

SO4
2-) and reductant (methane, CH4) are concurrently available.  AOM and SR are hypothesized 

to be coupled in anoxic environments according to the following net reaction (HOEHLER et al., 

1994; REEBURGH, 1980): 

CH4 + SO4
2-  HCO3

- + HS- + H2O   (Eq. 1) 

This coupling between AOM and SR has been documented in other methane rich 

sediments using enrichment and radiotracer methods (MICHAELIS et al., 2002; NAUHAUS et al., 

2002).   

To evaluate the activity of microorganisms in hydrates and hydrate-draping sediment, we 

obtained samples of intact hydrate and associated sediments and determined the magnitude and 

spatial distribution of AOM and SR using radiotracer methods.  We hypothesized that rates of 

these processes would vary between different layers of the hydrate environment (outer sediment 

(OS), interface sediment (IS), sediment accumulated in hydrate worm burrows (WB), interior 

hydrate (IN), and a mixture of interface sediment and hydrate (MIX), see 2.1 Site Description and 

Fig. 5.1) due to geochemical and physical differences between the layers.  These novel studies 
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indicate that spatial heterogeneity in both processes exists in the hydrate environments.  Due to 

the presence of many other types of hydrocarbons in the hydrate environments in the Gulf of 

Mexico, which might also be used as microbial substrates, it is difficult to discern definitively 

whether AOM and SR are stoichiometrically coupled. 

 

2. Materials and Methods   

2.1. Site Description 

Samples of solid hydrate and hydrate-draping sediment (Fig. 5.2) were collected during 

July 2001 and July 2002 from two sites (GC 234 and GC 232) along the continental slope in the 

northern Gulf of Mexico (see (JOYE et al., 2004) Fig. 5.1, for detailed map).  Natural gas and oil 

continuously seep from the seafloor at these sites (MACDONALD et al., 1994) and near- or 

surface-breaching hydrates exist on the edge of the hydrate stability curve between 500-700m (5-

7 MPa) and 7-8 ºC.  Gulf of Mexico hydrates occur as Structure II, being comprised of methane 

(70-85%) and higher alkanes (BROOKS, 1984; SASSEN et al., 1999; SASSEN and MACDONALD, 

1994).  Sediments around hydrates were predominantly clay-rich silts.  At these sites, methane 

serves as the base of a complex chemosynthetic ecosystem by supporting both free-living and 

symbiotic bacteria (MACDONALD et al., 1989; MACDONALD et al., 1994).  Hydrate deposits are 

often evident as prominent topographic mounds that can be several meters in height and up to 10 

m in diameter (MACDONALD et al., 2002).  The mounds comprise displaced sediments, as well as 

solid hydrate, and are colonized by chemosynthetic species of tube worms and mussels.  Mats of 

giant sulfide-oxidizing bacteria cover exposed hydrate mounds, creating a living interface 

between the overlying water, nearby anoxic sediments and the solid hydrate surface.  Polychaete 

“ice” worms (Hesiocaeca methanicola) create burrows in the hydrate surface and in the sediment 
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drape; burrows in the interior of the hydrate may subsequently fill with sediment (Fig. 

5.2;(FISHER et al., 2000)). 

 

2.2. Sample Collection 

Samples of hydrate material were collected during multiple dives of the Johnson Sea-Link 

submersible operated by the R/V Seward Johnson I and II (Harbor Branch Oceanographic 

Institute, Fort Pierce, Florida).  A hydrate “chipper” operated by the robot arm of the submersible 

removed contiguous sections of hydrate and the surrounding hydrate-drape sediments from 

hydrate mounds exposed at the seafloor.  The sample material was placed into an insulated 

pressure-retaining hydrate recovery chamber.  The hydrate chamber contained ambient bottom 

water.  After collection, the chamber was sealed with a pressure-retaining lid equipped with a 

vent valve, which prevented significant over pressure within the chamber.  The chamber is 

insulated with low-density plastic to prevent heat gain during recovery through warm surface 

waters; consequently, the chamber assured delivery of intact hydrate/sediment material to the 

surface with minimum degassing.  Upon retrieval, the hydrate chamber was transferred quickly to 

a cold laboratory (8 ºC in 2001, 4 ºC in 2002) for processing.   

Intact sections of hydrate and sediment material in the hydrate chamber were removed 

and placed in a liquid nitrogen-chilled sterile tub for sectioning with sterile instruments (Fig. 5.1).  

The outer 1-3 mm of material in contact with seawater in the hydrate collection chamber was 

carefully pared away to remove potentially contaminated material.  Next, the following layers 

were separated using sterile instruments and were placed into separate sterile containers (150 mL 

I-chem® jars): outer sediment (OS): sediment more than a centimeter away from the hydrate 

surface; interface sediment (IS): sediments directly in contact with the hydrate; worm burrow 

sediment (WB): sediment from inside a worm burrow on the hydrate surface; interior hydrate 



    

 168

(IN): solid hydrate more than 5 cm from the surface that contained minimal (if any) sediment 

debris; and a mixture of sediment and hydrate chunks (MIX): outer hydrate layer co-mingled 

with sediment material that was “frozen” into the hydrate matrix (Fig. 5.1).  Samples from each 

layer were separated and transferred quickly to Ar-purged sterile glass I-chem® vials sealed with 

a Teflon-lined septa screw cap.  Solid hydrate slowly sublimed in the vials at ambient surface 

pressure.  Vial over pressure was relieved by inserting a vent needle into the septa or through 

sampling (see 2.3.).  Samples remained at 8oC during manipulation and until subsequent 

processing.  Results presented here represent data conducted from multiple hydrate collections at 

each study site. 

In both years, vent gas escaping near hydrates was collected to compare the vent gas C1-

C5 hydrocarbon composition to the hydrate C1-C5 hydrocarbon composition.  Comparison of the 

molecular ratios of vent gas and solid hydrate allows evaluation of hydrate structure and may 

help elucidate microbial alteration of hydrate gases.  Vent gas was collected into an inverted 

butyrate tube that was open at the bottom and sealed with a gas tight lid equipped with a 

sampling port.  The tube, which was initially filled with water, was held over a stream of bubbles, 

which displaced the water and collecting into the tube. Upon surfacing of the submersible, gas 

samples were collected into He-purged, evacuated, crimp-sealed headspace vials.   

 

2.3. Geochemical Measurements 

To determine the molecular composition of hydrate samples, material was sectioned and 

stored as described above.  When the hydrate sample began to sublime and degas, a vent needle 

was used to puncture the Teflon-lined sampling port.  A gas volume of at least 200 mL vented 

from the jar and then a sub-sample of headspace gas was transferred from each vial into a He-

flushed 60cc plastic syringe.  This sub-sample was stored in replicate He-purged, evacuated 20-
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mL headspace vials that were crimp-sealed with butyl rubber stoppers.  Concentrations of C1-C5 

hydrocarbons in hydrate and vent gas samples were determined on-board ship using a gas 

chromatograph (Shimadzu 14-A) equipped with a flame-ionization-detector.  Individual gases 

were separated on a Haysep® DB column (100/120 mesh) by application of a temperature ramp.  

Peaks were quantified by comparison with a certified C1-C5 gas standard (Joye et al. this 

volume).   

For the determination of major ions, sub-samples of hydrate material were transferred 

from the chilled tub into crimp-sealed, Ar-flushed headspace vials. The samples sublimed and the 

melt fluid was separated from particulate material by centrifugation.  Supernatant was withdrawn 

into a sterile plastic syringe, and a filtered (0.2μm acrodisc®) 0.5-1.0 ml aliquot was fixed with 

100μL of 50% H3PO4 or conc. HNO3
 in an Ar-flushed vial.  Samples were stored at 4oC until 

analysis.  Sulfate and chloride concentrations were determined by ion-chromatography (Dionex®) 

in comparison with both certified and lab standards (JOYE et al., 2004).  Concentration values are 

reported as the average of multiple (n>3) analyses conducted on separate hydrate samples from 

the same site. 

 

2.4. Bacterial Counts 

Sub-samples of hydrate material were preserved by formaldehyde fixation for 

determination of microbial cell numbers using acridine orange direct counting (AODC, (HOBBIE 

et al., 1977)).  The AODC method was chosen because it does not suffer from interference due to 

oil fluorescence, which is common in these hydrate samples, and which may have caused 

difficulties in cell identification in previous studies where a different method (e.g. DAPI) was 

used (LANOIL et al., 2001).   
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2.5. Methane oxidation rates  

Rates of AOM in hydrate material were determined using a 14CH4 tracer technique (JOYE 

et al., 1999; JOYE et al., 2004).  Aliquots of material from specific hydrate layers were rapidly 

transferred under a stream of argon (to keep samples anoxic) from collection vials into either (1) 

Ar-flushed 8.5ml headspace vials crimp-sealed with butyl rubber stoppers or (2) glass tubes 

sealed at one end with a plunger and at the other with a rubber stopper.  Hydrate material in 

serum vials was slurried by filling bottles with sterile filtered (0.2 µm), UHP CH4/Ar (10/90) 

purged bottom water ([CH4] = 130 µM, [SO4
2-] = 28 mM).  Each sample set included 2 to 4 

replicates of each treatment depending on amount of material available. At least one control, 

which was fixed immediately after isotope addition, was included with each sample set.  30-60 

µL of dissolved 14CH4 tracer (activity 1500 dpm µL-1 or ~0.68 nCi µL-1, dissolved in sterile, 

anoxic Milli-Q® water) was added to samples using a gas-tight syringe.  Samples were incubated 

in the dark at 8ºC for 24-48 hours.   Experiments were terminated by replacing 1mL of the slurry 

volume with 1mL of anoxic 1N NaOH (to stop biological activity and fix generated 14CO2 as 

bicarbonate).  The displaced 1 mL of sample fluid was preserved in a 7 mL scint vial containing 1 

mL anoxic 1N NaOH.  All samples were stored at 4ºC until analysis.  For syringe incubations, 

experiment were terminated by transferring the sediment volume into a 20 mL glass vial 

containing 3 mL of 1N NaOH and sealing the vial with a Teflon-lined screw cap.  The activities 

of 14CH4 and 14CO2 and the rate of AOM (nmol cm-3 d-1) were determined using previously 

described methods (JOYE et al., 1999; JOYE et al., 2004).  Rates presented here were normalized 

to the original sample volume and are averages of replicate collections at each site. 
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2.6. Sulfate reduction rates  

Sulfate reduction (SR) rates were determined using 35S-techniques (CANFIELD et al., 1986; 

FOSSING and JØRGENSEN, 1989).  In 2001, samples were slurried in the same way as AOM 

samples (see above).  In 2002, additional samples were prepared without slurring to evaluate SR 

rates at in situ SO4
2- concentrations.  Non-slurry samples were prepared in glass tubes sealed at 

both ends with butyl rubber stoppers.  30-60 µL of carrier-free 35SO4 tracer (activity 88000 dpm 

µL-1 or ~40 nCi µL-1, dissolved in sterile, anoxic Milli-Q® water) was added to the samples using 

a gas-tight syringe.  Samples were incubated in the dark at 8 ºC for 24-48 hours.   Experiments 

were terminated by transferring each sample into 50ml centrifuge tubes (15 mL in 2001) 

containing 10 mL (7 mL in 2001) of 20% zinc acetate (ZnAc; to stop biological activity and 

preserve reduced 35S-sulfide as Zn35S).  Samples were stored frozen until analysis on-shore.  The 

radioactivity of SO4
2- (the substrate) was determined by counting an aqueous sub-sample of the 

fixation solution after centrifugation and the radioactivity of H2S (the product) was determined 

using a one-step hot chromous acid digestion.  The SR rate (nmol cm-3 d-1) was calculated using a 

published rate equation (CANFIELD et al., 1986; FOSSING and JØRGENSEN, 1989; JOYE et al., 

2004) and normalized to original sample volume; values presented represent an average from 

replicate collections of hydrate material at a given site (as for AOM).  
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3. Results 

3.1. Geochemistry 

During the hydrate crystallization, certain gases are concentrated in the matrix resulting in 

differences between the source gas molecular composition and the hydrate molecular 

composition (Sloan 1990).  As expected, ratios of hydrocarbon gases varied between vent gas and 

sublimed hydrate at GC232 and at GC234 (Table 5.1). Enrichment of > C2 alkanes (e.g. ethane 

and propane) was observed at both sites, as expected for structure II hydrate.  The GC232 vent 

gas was approximately 91% methane, whereas the GC232 hydrate was about 50% methane and a 

large fraction of ethane and propane.  Compared to the GC232 vent gas, the GC234 vent gas 

contained less methane and more ethane and propane (Table 5.1).  The GC234 hydrate material 

was similar in composition to the GC232 hydrate, however, the edge hydrate material and interior 

hydrate material exhibited slight differences in the percent methane (4% lower at the edge than in 

the interior).   

Multiple analyses of hydrate and sediment material illustrated variable concentrations of 

major anions.  Sulfate (SO4
2-) and chloride (Cl-) concentrations differed between hydrate layers 

(Table 5.2).  The lowest SO4
2- concentrations were observed in sediment-free IN (3.5 to 4 mM).  

The MIX samples exhibited a range of SO4
2- values (5 to 9.5 mM).  The WB sediment had the 

highest SO4
2- concentration at 17.9 mM.  The IS contained varying amounts of SO4

2-, ranging 

from 5.5 to 12.4 mM.  The OS averaged about 11.5 mM SO4
2-.  Similarly, Cl- concentrations 

were lowest (~150 mM) in IN material and highest (~450 mM) in WB material.  The Cl- 

concentrations in the OS material averaged about 390 mM, in the MIX about 300 mM, and in the 

IS material from 230-400 mM., The SO4/Cl ratio ranged between 0.02 and 0.04, which is less 

than the value (0.05) expected for seawater, suggesting some SO4 consumption occurs under 

natural conditions.  
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3.2 Bacterial Numbers 

In both years, hydrate-drape sediment material had higher cell counts than the interior 

hydrate material.  Hydrate-drape material (OS, IS, and WB) contained an average of 1 x 109 cells 

cm-3, while MIX material and IN had averages of 4 - 7 x 108 and 2 - 5 x 107 cells cm-3, 

respectively.  The hydrate-drape sediment material contained a variety of microbial morphotypes, 

a large fraction was rod-shaped, usually as double rods or in rod chains, similar to the 

morphologies described for ANME1 archaea (Orphan et al 2001, 2002; Fig. 5.3A).  The 

morphology of interior hydrate microorganisms was dominated by such rod-shaped cells, usually 

occurring as double rod chains (Fig. 5.3B). 

 

3.3. Methane oxidation rates 

Anaerobic oxidation of methane was observed in all layers of hydrate but rates varied 

between layers (Table 5.2, Fig. 5.4).   Highest AOM rates were observed in sediment material 

from the hydrate interface (i.e. worm burrow and interface sediment).  In GC234 samples in 2001 

(slurried), the IS exhibited the highest AOM rates (11.2 nmol cm-3  d-1), an order of magnitude 

greater than rates observed in the other layers.  Similarly, in 2002, the highest AOM rates were 

observed in material from the interface of the hydrate (2.4 - 3.3 nmol cm-3 d-1 in WB and IS, 

respectively).  Rates at the interface exceeded activity observed in the sediment-poor hydrate 

material (MIX and IN: 0.1 and 0.3 nmol cm-3 d-1, respectively) and in outer sediments (OS: 0.6 

nmol cm-3 d-1).  Hydrate samples from GC 232 displayed a similar distribution of rates: 10.7 

nmol cm-3 d-1 in WB and ≤0.7 nmol cm-3 d-1 in MIX and IN.  Significant variability in rates of 

AOM between replicate samples was observed in both years (Table 5.2) suggesting differences in 

the abundance of AOM-related microorganisms or in the cell-specific rates of microbial activity. 
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3.4. Sulfate reduction rates 

Sulfate-reduction was observed in all hydrate sub-samples (Table 5.2, Fig. 5.4).  The 

spatial distribution of SR was comparable to that of AOM with the highest rates occurring in 

hydrate-drape sediments but SR rates were usually an order of magnitude higher than AOM rates.  

High variability in SR rates was probably also related to variation in the abundance of sulfate 

reducing microorganisms in the samples.  In the 2001 GC234 slurry experiments, the highest 

rates of SR were observed in the IS (489.1 nmol cm-3 d-1).  The OS and MIX material exhibited 

similar SR rates between 100 – 118 nmol cm-3 d-1 while the lowest rates were observed in the IN 

(54.7 nmol cm-3 d-1).  In the 2002 non-slurry experiments at both sites, the highest SR rates were 

observed in the hydrate-drape sediments (76 and 59 nmol cm-3 d-1 in OS and WB, respectively; 

Fig. 5.4) while lower rates were observed in the sediment-poor hydrate layers (~20 nmol cm-3 d-1 

in MIX and ≤ 3.2 nmol cm-3 d-1 in IN).   

 

4.  Discussion 

These data provide the first evidence of anaerobic oxidation of methane and sulfate 

reduction in gas hydrate materials and in hydrate-drape sediments (Table 5.2, Fig. 5.4). Our data 

clearly illustrate that active microbial populations are present in all layers of the hydrate (Fig. 

5.1), particularly at the boundary between hydrate and the overlying hydrate-drape sediments.  

However, our data cannot distinguish whether the active microbial communities inside gas 

hydrate reside within the hydrate structure or within brine inclusions or sediment trapped within 

the hydrate lattice. 

Rates of AOM and SR in hydrate-drape sediment (0.3-11.2 and 59 - 490 nmol cm-3  d-1, 

respectively) are lower than rates in associated sediments at these same sites in the Gulf (by a 

factor or 10 to 100, (JOYE et al., 2004)).  The AOM rates in hydrate-drape sediments are 
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comparable to rates of AOM in other marine sediments (ALPERIN and REEBURGH, 1985; 

HOEHLER et al., 1994; IVERSEN and JØRGENSEN, 1985) but are lower than rates observed in 

methane-rich seep sediments (AHARON and FU, 2000; ARVIDSON et al., 2004; BOETIUS et al., 

2000; BUSSMAN et al., 1999; JOYE et al., 2004).  Hydrate-drape sediments may experience greater 

frequency of disturbance as nearby sediments and this might influence the accumulation of active 

microbial biomass at the hydrate-sediment interface.  Fluctuating sediment distribution and 

varying geochemical conditions result from the dynamic nature of the hydrates themselves: time-

lapse photographic evidence demonstrates growth and retreat of hydrates, sloughing off of 

draping sediment, as well as the variable distribution and activity of vacuolate sulfur bacteria and 

“ice worms” on the hydrate surface.  However, nutrient and bioactive trace metal availability 

probably also play an important role in controlling microbial distribution and activity within and 

adjacent to gas hydrates.  Understanding the environmental controls on microbial distribution and 

activity in hydrates and adjacent sediments requires further study.  

Previously, comparison of the molecular isotopic composition of solid hydrate with that 

of vent gas showed isotopic enrichment of 13C in hydrate-bound CH4, suggestive of microbial 

consumption of CH4 within the hydrate (SASSEN et al., 1999).  We observed depletion in the 

percent of CH4, relative to other hydrocarbons, in outer layers of the hydrate, relative to inner 

layers (at GC234), which could result in situ from CH4 oxidation (as suggested by (SASSEN et al., 

1999; SASSEN et al., 1998).  Furthermore, deviation of the hydrate melt fluid from expected 

SO4/Cl ratio (assuming no bias in the relative exclusion of these ions from the hydrate lattices 

during formation) is suggestive of the microbial consumption of SO4
2- in these environments 

under in situ conditions.   

Spatial patterns of CH4 and SO4
2- consumption are evident between the hydrate layers, 

with maximum rates of both processes occurring at the interface of sediment and hydrate (Table 
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5.2, Fig. 5.4).  Microorganisms living at the edge of methane ice have simultaneous access to the 

source of dissolved CH4 as well as to oxidants in the hydrate-drape sediment, which could 

enhance both AOM and SR rates.  High flux rates of oxidants (SO4
2-) and reductants (methane, 

higher alkanes and oil) may result from the dissolution of hydrate and release of reductants across 

the hydrate boundary as well as the dynamic turnover of the oxidant pool at the hydrate surface 

via biological (i.e. sulfide oxidizing bacteria, “ice worms”; (FISHER et al., 1998; JOYE et al., 2004; 

NELSON et al., 1986; O'HARA et al., 1995)) and abiological (i.e. bubble-induced mixing; (O'HARA 

et al., 1995)) mixing.  Microbial activity at the sediment/hydrate boundary thus creates a living 

interface in the hydrate ecosystem, potentially altering the flux of methane from these structures 

into the surrounding sediments and the over-lying water column (SUESS et al., 1999).   

The normalized rates presented here (particularly the AOM rates) are likely to be 

conservative estimates of in situ rates.  Our experiments were conducted at lower CH4 

concentrations (≤1mM CH4 compared to over 70 mM CH4 under in situ conditions (5-7 MPa, 7 

ºC)) and much lower pressures (0.1 MPa) than experienced in situ (5-7 MPa).  While slurrying of 

sediment may increase activity, our data are nonetheless likely reflective of the general patterns 

of activity occurring in situ because the same spatial distribution of activity was observed in 

slurries and in whole sediment incubations.  Although a similar spatial distribution of AOM and 

SR rates was observed in all samples, rates of SR were typically 2 to 3 orders of magnitude 

higher than the corresponding AOM rates (Table 5.2).  In the slurry experiments, this offset can 

be explained in part by sulfate enrichment from the slurrying process.  The lack of stoichiometric 

(i.e., 1:1) balance between the two processes suggests that only a fraction of sulfate reduction is 

coupled directly to AOM.  This loose coupling between SR and AOM is quite different from the 

efficient (1:1) coupling observed in other systems (MICHAELIS et al., 2002; NAUHAUS et al., 

2002).  However, in the GOM hydrocarbon basin, in addition to methane, oil and other 
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hydrocarbons are abundant, and these other C substrates serve as additional reductants (or 

substrates) to fuel sulfate reduction (HEIDER et al., 1999; JOYE et al., 2004; ZENGLER et al., 1999).   

The rates of both AOM and SR measured in material from the interior hydrate exhibited 

significant variability in replicate samples (Table 5.2, Fig. 5.4).  The most likely explanation for 

this variability is environmental heterogeneity.  It is possible and likely that the separate samples 

of hydrate material collected during multiple dives were quite different with respect to each other.  

These differences arise from differing amounts of entrapped sediment particles or sea water, 

which may influence the distribution of microorganisms, the concentrations of substrates 

(especially) sulfate and thus may influence the measured activity.  While activity of both AOM 

and SR are evident in material from the hydrate interior, rates of these processes on a volumetric 

basis are lower than those observed in the sediment-rich layers (Table 5.2, Fig. 5.4).  The hydrate 

interior represents a very different physical and geochemical environment with observed lower 

biomass content than outer sediments (107 cells cm-3 in hydrate versus 109 cells cm-3 in hydrate-

drape sediments).  If process (AOM and SR) activities are corrected for microbial numbers per 

volume of material, the cell specific activities are comparable between the hydrate-drape 

sediments and the material from the interior hydrate.  This indicates that the microorganisms 

residing in the interior regions hydrate have similar metabolic capabilities to microorganisms in 

the surrounding sediments. Microscopic evaluation of the hydrate material types revelaed that 

microorganisms from the interior of the hydrate had similar morphologies (rod-shaped cells 

dominating) to microorganisms in hydrate-draping sediments (Fig. 5.3), which may suggest that 

these microorganisms are derived from trapped or migrating pore fluids or sediment grains.  

The distribution and activity of microorganism in hydrates may be determined by similar 

factors that drive the distribution of microbes in sea ice.  In sea ice, microbial communities are 

concentrated in pockets of brine fluid within the ice matrix (EICKEN, 1992).  Sea ice microbial 
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communities may also create biofilms of “extracellular polymeric substances,” which could alter 

the physiochemical structure of their niche to promote continued growth (THOMAS and WHITE, 

2002).  Microorganisms residing within the interior hydrates may experience similar conditions 

and may exploit similar adaptations, e.g., focusing populations in certain regions and/or excreting 

mucous.  Furthermore, as hydrates form, small channels or pockets of brine solution (a 

concentrated mixture containing salts, nutrients, and dissolved gases) may develop and sediments 

and their associated microbial populations, may be trapped within the frozen hydrate 

(BOHRMANN et al., 1998).  In such zones, microbes could survive and even proliferate.  The 

inclusion of sediment particles in the hydrate matrices may also offer interfacial oasis for 

microbial life.  These hypothetical habitats may represent unexpected niches for novel 

microorganisms, although microscopic evaluation suggests that microorganisms from interior 

hydrate material are morphologically similar to those observed in the outer sediments.  However, 

a difference between hydrates and other ice-structures (sea ice, glaciers, permafrost) is that 

hydrate ice contains an abundance of methane. This methane, if bioavailable, provides a powerful 

fuel for microbes and the availability of dissolved methane, oxidant and nutrients is likely higher 

at the interface between the hydrate and bottom sediment/water environment, making this the 

most microbially active portion of the hydrate environment.   

The evidence of microbial activity in samples from the interior of a methane hydrate 

further illustrates the extreme and remote reaches of microbial life here on Earth.  Further 

research - such as in vitro pressure experiments and molecular biological quantification and 

identification of microbial communities - in these systems is needed to evaluate the range and 

dynamics of microbial activity.  Investigating the successful ecological strategies of hydrate-

bound microbial life may lead to broader understanding of geomicrobiological interactions at 

life’s “extremes.”  Detection of microbial life within frozen, submarine gas hydrates should 
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encourage continued study of life in other icy environments here on Earth (i.e. permafrost, 

glaciers, accretion ice; (PRISCU et al., 1999)), as these data will further our ability to evaluate 

such habitats as a proxies for life in ice on other planets.    
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Figure Captions. 

 

Fig. 5.1.  Layers of Gulf of Mexico gas hydrate used in these experiments.  (A) Diagram 

depicting different layers, arrow on left indicates relative sediment content.  Patterned line 

through diagram represents the sediment/hydrate interface, where free gas is released as the 

hydrate dissolves.  Lower case labels indicate the location of samples described in the text.  (B) 

Photo of recovered gas hydrate after outer sediment layer has been removed.  Scale bar ~1 inch.  

(C) Cross-section through sample in B, dark areas indicate entrapped sediment and oily material.  

Ruler (in inches) for scale.  (D) Photo of “MIX” layer with sediment frozen into hydrate; ruler (in 

cm and inches) for scale.  (E) “Interior hydrate” sample, darker areas represent oily material.  

Ruler with 0.5 cm markings for scale.  (Photo credits: I. R. MacDonald, 2002) 

 

Fig. 5.2.  An underwater photo of a surface-breaching hydrate.  Arrows indicate worm burrows in 

the hydrate surface, and a Beggiatoa field is labeled at the lower left.  (Photo credit: I. R. 

MacDonald, 2002) 

 

Fig. 5.3.  Microscopic images of microorganisms stained with AO from material from the (A) 

interface sediment, and (B) interior hydrate.  Scale bars are 5 μm. 

 

Fig. 5.4.  Rates of AOM and SR in hydrate material collected from Gulf of Mexico hydrate sites 

in 2001 and 2002.  SR rates (white columns) are plotted on the left axes; black error bars 

represent one standard deviation of the mean values.  AOM rates (black columns) are plotted on 

the right axes; white error bars represent one standard deviation of the mean values.  Note the 

differences in scale for both axes due to slurry conditions (see text).  Sample types are given on 
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along the x-axis.  (A) Rates determined in slurried material (see text) from GC234 in 2001; (B) 

rates from GC234 material in 2002; (C) rates from GC232 material in 2002.  Note that SR rates 

in B and C were determined in non-slurried material while AOM rates were determined in 

slurried samples (see text). 
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Table 5.1.  Average hydrocarbon gases (as percentages) of hydrate material and vent gas from 

GC232 and GC234.  Mean values and standard deviations of the mean (in parentheses) are 

shown. 

 

   GC232  
Hydrocarbons  Vent Gas Interior Edge 
number of samples =   3 7 3 

Percentage  % % % 
Methane (C1)  90.7 (0.1) 49.8 (1.5) 49.9 (5.5) 

Ethane (C2)  5.2 (0.1) 15.9 (1.7) 18.2 (7.2) 
Propane (C3)  1.1 (0.1) 25.1 (2.2) 22.3 (0.3) 

iso-Butane (iso-C4)  0.1 (0.02) 6.1 (1.1) 4.7 (1.2) 
Butane (C4)  1.4 (0.2) 2.8 (0.6) 4.5 (0.9) 

Pentane (C5)  1.4 (0.1) 0.3 (0.3) 0.5 (0.1) 
     
   GC234  

Hydrocarbons  Vent Gas Interior Edge 
number of samples =   5 6 4 

Percentage  % % % 
Methane (C1)  86.5 (0.2) 44.4 (4.7) 40.3 (1.6) 

Ethane (C2)  6.9 (0.1) 12.1 (4.6) 9.3 (0.8) 
Propane (C3)  4.2 (0.1) 26.8 (11.3) 36.4 (1.7) 

iso-Butane (iso-C4)  0.6 (0.02) 8.4 (2.3) 11.2 (1.0) 
Butane (C4)  1.5 (0.01) 2.8 (0.6) 2.3 (0.4) 

Pentane (C5)  0.2 (0.01) 0.3 (0.1) 0.5 (0.01) 
 



    

 184

Table 5.2.  Rates of AOM and SR in gas hydrate material collected from two sites in the Gulf of 

Mexico.  Values are organized by experiment year, site and material type.  Rates are expressed as 

an average of replicates (n>3) from multiple collections of material in units of nmol cm-3 d-1, 

standard deviation of the mean listed in parentheses.  Average sulfate and chloride concentrations 

of original hydrate material also shown with standard deviation in parentheses. 

 

      AOM SR SO4
2- Cl- 

Hydrate Sample Code  nmol cm-3 d-1 nmol cm-3 d-1 mM mM 
GC234 in 2001 

         
outer sediment OS  0.34 (0.11) 100 (81.7) 11.01 382.9 

interface sediment IS  11.2 (1.9) 489 (76.2) 12.4 401.7 
mixture MIX  0.75 (0.42) 118 (58) 4.9 338.2 

interior hydrate IN  0.72 (0.66) 54.7 (36.6) 3.5 137.1 
           

GC234 in 2002 

         
outer sediment OS  0.60 (0.26) 76.2 (20.8) 12.3 (1.4) 397.2 (158.2) 

interface sediment IS  3.25 (1.7) n.d.2 5.5 (0.3) 231.1 (115.9) 
worm burrow sediment WB  2.43 (0.26) n.d.  n.d. n.d. 

mixture MIX  0.13 (0.09) 23.0 (1.0) 9.5 (1.0) 317.0 (111.0) 
interior hydrate IN  0.28 (0.26) 3.2 (4.1) 3.2 (2.1) 150.0 (142.4) 

           
GC232 in 2002 

         
worm burrow sediment WB  10.74 (0.21) 59.0 (7.8) 17.93 451.4 

mixture MIX  0.74 (0.04) 18.8 (2.3) 6.6 285.8 
interior hydrate IN   0.36 (0.48) 0.6 (0.1) 4.0 (1.9) 158.5 (19.8) 

1 no replicates available for sulfate and chloride concentrations in 2001 
2  not determined 
3  no replicates available for concentration 
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Fig. 5.2.  
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Fig. 5.3.  
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Fig. 5.4.  
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Abstract 

The process of anaerobic oxidation of methane (AOM) has been inferred in deep 

biosphere samples from geochemical profiles; however, the responsible microorganisms have 

not been identified.  We applied a combination of tracer-based rate measurements of microbial 

activity and cultivation-independent DNA- and lipid-based microbiological and molecular tools 

to methane-rich deep biosphere sediments (Hydrate Ridge, Cascadia Convergent Margin, ODP 

Leg 204) to investigate the distribution, diversity and activity of microorganisms involved in 

AOM.  In near-surface samples from the summit of southern Hydrate Ridge, highly 13C-depleted 

archaeal and bacterial lipids indicate the incorporation of methane-derived carbon into microbial 

biomass and an important role of anaerobic methane-oxidizing (ANME), methane-assimilating 

prokaryotes in the top meter of sediment. Presumably due to the rapid depletion of sulfate, 

methane assimilation is less prevalent in deeper sediment layers, despite the high availability of 

methane throughout the hydrate stability zone.  Crenarchaeota dominate a well-defined sulfate 

methane transition zone (SMTZ) where both AOM and sulfate reduction are active; isotopic 

evidence suggests that these microbes do not incorporate methane-derived carbon into their 

biomass. For the first time, archaea phylogenetically affiliated with the ANME group were 

detected in deeply buried sediments within the hydrate stability zone (54 m depth) together with 

low potential rates of AOM and elevated archaeal lipid concentrations. In these sulfate-

containing sediments, ANME-1 sequences dominate the archaeal 16S rDNA clone library and 

co-occurred with 16S rDNA sequences related to sulfate-reducing bacteria commonly found at 

cold seeps (Seep-SRB2 branch). 
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Introduction 

 The relatively recent discovery of microbial life in the deep marine subsurface poses 

fundamental questions about the evolution and distribution of life, the spatial extent of active 

elemental (i.e. carbon) cycles within the Earth’s upper crust, and the functioning of cell 

metabolism at low energy availability.  Rough estimates based on available data suggest that the 

deep biosphere contains 55-85 % of Earth’s microbial population (WHITMAN et al., 1998), 

representing between 10-30 % of Earth’s total biomass (PARKES et al., 2000; WHITMAN et al., 

1998), although growth rates of this community are thought to be extremely low (doubling time 

of 1000s of years; (D'HONDT et al., 2002; WHITMAN et al., 1998)).    Relatively little is known 

about the metabolic processes, activities, diversity and distribution of this large microbial 

community, although recent reports have provided intriguing new theories.  Available evidence 

suggests that prokaryotic activity and abundance are highest at interfaces (i.e. sulfate methane 

transition zones in the Peru Margin, (PARKES et al., 2000; PARKES et al., 2005); within sapropels 

with high organic carbon content (Mediterranean, (COOLEN et al., 2002; CRAGG et al., 1998; 

PARKES et al., 2000)); or areas with methane hydrate (Northern Hydrate Ridge, (CRAGG et al., 

1996); Blake Ridge, (CRAGG et al., 1996; PARKES et al., 2000; WELLSBURY et al., 1997)).  

Whether such interfaces lead to niche formations and unique endemic species or if the 

geochemical conditions enhance the activity of serendipitous cosmopolitan communities is 

unclear but recent work further suggests that the microorganisms in these zones are 

phlyogenetically distinct from those outside the interfaces (PARKES et al., 2005).   

 Our understanding of the microbial community structure in the deep marine subsurface is 

still in its infancy, however.  Due to low cell densities in deep biosphere samples, standard 

methods to measure community composition (i.e. targeting DNA, rRNA or cellular material) 
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often operate at or near the limit of detection.  Additionally, in order to calculate specific 

turnover and growth rates and identify key microorganisms in elemental cycling, it is important 

to distinguish viable from dormant, recently dead or ‘ancient’ microbial biomass.  For example, 

real-time PCR and fluorescence in situ hybridization (FISH) techniques targeting 16S rRNA in 

deep biosphere samples from the Peru margin and Pacific Ocean suggested that Bacteria 

dominated the community composition (INAGAKI et al., 2006; MAUCLAIRE et al., 2004; 

SCHIPPERS and NERETIN, 2006; SCHIPPERS et al., 2005).  However, in samples originating from 

the same sites, other researchers concluded that Archaea dominated the microbial community – 

using similar (i.e. FISH) and different methods (i.e. analysis of membrane lipids from intact 

cells, creation of 16S rRNA clone libraries from reversely transcribed extracted rRNA; (BIDDLE 

et al., 2006; SØRENSEN et al., 2004; SØRENSEN and TESKE, 2006)).  Explaining the discrepancy in 

these findings is paramount in order to gain a clear understanding of the structure of the vast 

microbial community in the deep biosphere. 

 Although geochemical evidence indicates that consumption of methane co-occurrs with 

sulfate reduction in deep biosphere samples (D'HONDT et al., 2002), it is not clear which 

microorganisms mediate these processes.  In many sediment zones, methane could be the main 

energy source if adequate electron acceptors are present (BIDDLE et al., 2006).  Microbial groups 

typically found in surficial methane-consuming zones (i.e. the ANME-1, -2, and -3 clades of 

anaerobic methanotrophic archaea and sulfate-reducing bacteria related to 

Desulfosarcina/Desulfococcus or Desulfobulbus spp.; (KNITTEL et al., 2003; KNITTEL et al., 

2005)) are conspicuously absent from all 16S rRNA clone libraries constructed from deep 

biosphere samples to date, with the exception of one study conducted on capped borehole fluid 

collected one year after drilling, where ANME-1 related sequences were retrieved (LANOIL et al., 
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2005).  Instead, certain groups of Crenarchaeota, namely the Marine Crenarchaeotic Group I 

(MCGI) and the combined Marine Benthic Group B (MBGB)/Deep Sea Archaeal Group 

(DSAG), are present in a wide range of deep biosphere samples of methane-rich sediments 

(BIDDLE et al., 2006; INAGAKI et al., 2006; INAGAKI et al., 2003; SØRENSEN et al., 2004; 

SØRENSEN and TESKE, 2006; TESKE, 2006).  With the exception of the recently cultivated 

ammonia-oxidizing Crenarchaea (KÖNNEKE et al., 2005), these clades contain no currently 

cultured organisms.  Thus, there are few clues about their metabolic role(s) in the environment.  

However, the stable isotopic composition of whole cells and extracted lipid material in samples 

where these Crenarchaea are abundant are relatively heavy, with δ13C values around -25‰ vs. 

PeeDee Beleminite, suggesting these crenarchaeotes do not incorporate methane-derived carbon 

into cellular material and are instead heterotrophic (BIDDLE et al., 2006).  Despite their 

cosmopolitan distribution, SØRENSEN and TESKE (2006) report that the MBGB (and to a lesser 

extent the MCGI) are more active in the SMTZ, indicating they may benefit directly or indirectly 

from coupled AOM and sulfate reduction (SR).   

 Here, we provide new insight into the function, distribution, and diversity  of the 

microbial community from the deep biosphere of Hydrate Ridge, a well-studied methane seep 

system on the Cascadia Convergent Margin (BOETIUS and SUESS, 2004; TREUDE et al., 2003; 

TYRON et al., 1999) and the focus of Ocean Drilling Program (ODP) Leg 204 (TRÉHU et al., 

2006).  During Leg 204, nine sites on the Oregon continental margin were cored and logged to 

determine the distribution and concentration of gas hydrates in an accretionary ridge and 

adjacent slope basin, to investigate the mechanisms that transport methane and other gases into 

the gas hydrate stability zone (GHSZ), to obtain constraints on physical properties of gas 

hydrates in situ and to reveal the identity and distribution of microbes involved in the subsurface 
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methane cycle (TRÉHU et al., 2006).  The focus of the present work was to explore how the 

presence of deeply buried gas hydrates and/or free methane gas influences the structure and 

diversity of the microbial community at the Hydrate Ridge deep biosphere.   

 

Materials and Methods 

 

Study area and sample collection 

Gas hydrate deposits of the Cascadia accretionary margin in the northeastern Pacific 

Ocean, formed by the subduction of the Juan de Fuca plate beneath North America, have been 

studied extensively (BOHRMANN et al., 1998; KASTNER et al., 1995; KULM et al., 1986; LEE and 

COLLETT, 2005; SUESS et al., 1999; TORRES et al., 2004; TREHU et al., 2003).  Hydrate Ridge 

(HR) is an area with high methane and fluid flux on part of this active continental margin 

complex located off the coast of Oregon (LUFF and WALLMANN, 2003; TORRES et al., 2002; 

TYRON et al., 1999).  Leg 204 of the Ocean Drilling Program (ODP) focused on the southern 

summit of HR (TRÉHU et al., 2004), where the high fluid flux rates support gaseous methane 

transport to the summit surface sediments and sustain rapid formation of gas hydrate (up to 102 

mol m-2 y-1; (HEESCHEN et al., 2003; TORRES et al., 2004).  

This investigation focused on two types of sites characterized by high and low gas 

hydrate content (Table 6.1; detailed site descriptions available in (TORRES et al., 2002; TRÉHU et 

al., 2004)).  Samples from Sites 1249 and 1250 represent the most active regions of seafloor 

venting and sedimentary gas hydrate content; massive hydrate deposits (30-40% average pore 

volume) were indicated in the upper 20-40 m, followed by areas with 2-4% hydrate within the 

gas hydrate stability zone (GHSZ), extending down to the bottom simulation reflector (BSR; 
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Table 6.1).  In contrast, Site 1251 samples originate from a slope basin east of the summit that is 

characterized by high sedimentation rates and low hydrate content (~1% in the GHSZ).   

 

Core collection and sampling 

Whole round core (WRC) sections of 30 cm length were collected shortly after core 

retrieval onboard using standard ODP protocols.  WRC for microbiological analysis were capped 

and stored in gas-tight bags under a nitrogen atmosphere at 4 °C until laboratory analysis 

approximately four months later.  Due to concerns over seawater contamination of subsurface 

samples, retrieved sediment that exhibited a “soupy” consistency, potentially indicating 

seawater-compromised sediment, were not collected shipboard for our shore-based analysis.  

Thus, sediments with high hydrate content, which would also display a “soupy” texture due to 

hydrate sublimation upon recovery, were unfortunately not available for analysis.  At the home 

laboratory, bagged WRC were transferred into an anaerobic chamber (10% CO2/90% N2
 

atmosphere) and opened.  All equipment or reagents used in subsequent manipulation of sample 

material were pre-combusted at 450 °C or autoclaved at 121 °C for 30 minutes to ensure sterile 

conditions.  Sediment from the centermost parts of the WRC was used, avoiding the outermost 

sections which may have been in contact with seawater during drilling.  Contamination checks 

using fluorescent microscopic beads and perfluorocarbon tracers confirmed that these samples 

had minimal exposure to seawater (TRÉHU et al., 2003).  Geochemical data (SO4, CH4, Cl, 13C-

DIC, 13C-CH4) from these cores and sites has been published elsewhere and is presented here 

with permission (BOROWSKI, 2006; MILKOV et al., 2005; TRÉHU et al., 2003).  The stable carbon 

isotopic composition of total organic carbon in select sediment samples was provided by Monika 

Segl (Research Center Ocean Margins, Bremen, Germany). 
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Rates of AOM and SR 

To measure potential rates of microbial activity, AOM and SR were determined in 

sediment slurry incubations using radiotracers.  In the anaerobic chamber, sediment from a WRC 

section was mixed 1:2 [v/v] with artificial sea water medium containing 1 mM methane, 28 mM 

sulfate and 0.5-1 mM sulfide (WIDDEL and BAK, 1992).  Subsamples of the sediment slurry (2.5 

ml) were aliquoted into replicate 10 ml glass serum vials; each vial was then filled to the brim 

with additional medium and subsequently closed with a butyl rubber stopper and aluminum 

crimp seal, excluding the introduction of any gas bubbles.  For AOM analysis, triplicate samples 

from each slurry were each amended with 100 μl of 14CH4 dissolved in milliQ™ water (~20 nCi) 

and incubated in the dark at 12 °C for 2.5 months.  At the end of the incubation period, sample 

material was transferred to 50 ml glass jars containing 25 ml of 1 M NaOH and sealed with 

rubber stoppers (TREUDE et al., 2003).  For SR analysis, triplicate samples were each amended 

with 100 μl of 35SO4
2- (~225 nCi); samples were fixed at the end of the incubation period in 20 

ml of 20 % [w/v] zinc acetate solution.  Control samples for both analyses were fixed 

immediately after tracer addition.  Methods for measurement of activity, concentration of tracers 

in reactant and product pools and calculation of rates have been described elsewhere 

(KALLMEYER and BOETIUS, 2004; TREUDE et al., 2003).  Calculated rates were considered robust 

only if the sample activities were greater than three times the standard deviation of the activity 

measured in control samples. 

  

Catalyzed reporter deposition fluorescence in situ hybridization (CARD FISH) and total 

cell counting 
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 During subsampling of the WRC for rate analyses (above), samples were also collected 

for phylogenetic and cell density measurements.  1 ml of sediment material was collected from 

the WRC with a cut-end plastic syringe and fixed for 1-4 hours with 9 ml of filtered, buffered 

3.7% formalin in a 20 ml plastic vial.  The sample was vortexed to homogenize the mixture and 

then a 1 ml aliquot of the fixed sample was removed, washed twice with PBS (10 mM sodium 

phosphate, 130 mM NaCl), and stored in 1:1 PBS:ethanol at -20 °C for FISH.  The remaining 

fixed sample was frozen for subsequent cell counting.  Catalyzed report deposition fluorescence 

in situ hybridization (CARD FISH) was performed on 1:500 diluted filter preparations following 

established protocols (KNITTEL et al., 2005; ORCUTT et al., 2005; PERNTHALER et al., 2002) using 

published probes EUB I-III for Bacteria, ARCH915 for Archaea, ANME1-350 for members of 

the ANME1 clade of Archaea, and MBGB280 and MBGB335 for members of the MBGB clade 

of Crenarchaeota (KNITTEL et al., 2005).  CARD-FISH samples were counter-stained with DAPI.  

Cell densities were measured using acridine orange direct counting (AODC) on 1:500 diluted 

filter preparations using published protocols (HOBBIE et al., 1977; ORCUTT et al., 2005).  This 

was the highest dilution possible to achieve acceptable cells/field-of-view densities (typically 0-1 

cell per field) without substantial interference from background sediment material.  At least 40 

random fields-of-view were quantified for each filter preparation to generate an average cell 

density.   

 

16S rRNA gene library construction  

 Approximately 150 g of sediment from each WRC was transferred to glass jars and 

frozen at -20 ºC. Total DNA was extracted directly from frozen sediment samples (~10 g) 

following the method of ZHOU et al. (1996).  Crude DNA was purified with the Wizard DNA 
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Clean-Up Kit (Promega, Madison, WI). Two 16S rDNA clone libraries were constructed: one for 

archaea using primer sets Arch20f (MASSANA et al., 1997) with Uni1392R (LANE et al., 1985) 

and ARCH20f/ARCH958R (DELONG, 1992), and one for bacteria using primers EUB008f 

(MUYZER et al., 1995) with EUB1492R (KANE et al., 1993)).  PCRs were performed and 

products purified as described previously (RAVENSCHLAG et al., 1999).  PCR products were 

purified with the QiaQuick PCR Purification Kit using the manufacturer’s protocol (Qiagen, 

Hilden, Germany).  Clone libraries were constructed in pGEM-T-Easy (Promega, Madison, WI, 

USA) or the pCR4 TOPO vector (Invitrogen, Karlsruhe, Germany) according to the 

manufacturer’s recommendations.  Sequencing was performed by Taq cycle sequencing with a 

model ABI377 sequencer (Applied Biosystems). The presence of chimeric sequences in the 

clone libraries was determined with the CHIMERA_CHECK program of the Ribosomal 

Database Project II (Center for Microbial Ecology, Michigan State University, 

http://rdp.cme.msu.edu/html/analyses.html). Potential chimeras were eliminated before 

phylogenetic trees were constructed.  Sequence data were analyzed with the ARB software 

package (LUDWIG et al., 2004).  The phylogenetic tree was calculated with the ODP 204 

sequences from this project together with reference sequences which are available in the EMBL, 

GenBank and DDJB databases by performing neighbor-joining analysis with different sets of 

filters.  In all cases, general tree topology and clusters were stable.  For specific PCR 

amplification of the deltaproteobacterial SRB, PCR conditions were as described above using 

primer combinations given in Table 6.2. 

 

Intact polar membrane lipid biomarker analysis 
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 Intact polar lipids (IPL) were extracted from 48 g of frozen sediment from select samples 

using a modified Bligh and Dyer method in four steps as described previously (BIDDLE et al., 

2006; STURT et al., 2004).  Before extraction, a known quantity of C16-PAF (1-O-hexadecyl-2-

acetoyl-sn-glycero-3-phosphocholine) was added as an internal standard to all samples.  Total 

lipids were extracted four times with 200 ml of 2:1:0.8 [v/v] methanol/dichloromethane 

(DCM)/buffer, where the buffer in the first two steps was 50 mM phosphate buffer at pH 7.4 

(targeting bacterial cells) and 50 mM trichloroacetate buffer (5% [w/v]) was used as buffer in the 

final two steps (targeting archaeal cells).  After sonication for 10 min and centrifugation at 2000 

rpm for 10 min after each addition of solvent, the combined supernatants were washed with 

water and the organic phase subsequently evaporated to dryness. A fraction of the total lipid 

extract was separated by liquid chromatography with 10 g activated silica (60 Mesh, Carl Roth 

GmbH, Germany; combusted at 450°C overnight, mixed with 0.5 ml water to achieve 5% 

deactivated gel) suspended in DCM into a non-polar fraction (200 ml DCM) and polar fraction 

containing glycolipids and phospholipids (200 ml acetone followed by 200 ml of methanol). 

 Lipid components in the polar fraction were separated according to head group polarity 

using high-performance liquid chromatography (HPLC) techniques described previously 

(BIDDLE et al., 2006; STURT et al., 2004).  No more than 1 μg of lipid material was injected from 

each sample onto a LiChrospher® Diol column fitted with a guard column of the same material 

used in a ThermoFinnigan Surveyor HPLC system; flow rates and eluents were described 

previously (BIDDLE et al., 2006; STURT et al., 2004).  Components were analyzed by mass 

spectrometric (up to MS3) experiments on a ThermoFinnigan LCQ DecaXP Plus Electrospray 

Ionization-Ion Trap multistage mass spectrometer in both positive and negative ion modes using 

conditions described previously (SCHUBOTZ, 2005; STURT et al., 2004).  Identification of 
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compound classes of interest relied on characteristic ionization and fragmentation properties 

identified previously (SCHUBOTZ, 2005; STURT et al., 2004).  IPL concentration was calculated 

based on the sample signal response relative to that of the internal standard.  The method has a 

sensitivity of 1-10 ng IPL ml-1 sediment which corresponds to 105 - 106 cells ml-1 (K.-U. 

Hinrichs, J. Lipp, unpublished data).   

 Specific lipid classes representing archaeal and bacterial sources were collected 

separately from the polar fraction for subsequent manipulation and isotopic analysis by 

preparative HPLC with a LiChrosphere Si60 column (5 μm, 250x10 mm, Alltech, Germany) 

with a fraction collector following established parameters (BIDDLE et al., 2006).  This method 

was employed to select for IPLs and avoid ether- and ester-bound alkyl moieties that might be 

present in the polar fraction.  Archaeal IPLs (45-50 min. elution time) were treated with HI and 

LiAlH4 for ether cleavage to produce isopranyl phytanyl or biphytanyl derivatives (BIDDLE et al., 

2006).  Bacterial IPLs (60-80 min. elution time) were mixed with an internal C19:0 fatty acid 

standard and were saponified with KOH in methanol followed by acidification to release fatty 

acid derivatives; methyl ester derivatives of the fatty acids were formed following treatment with 

BF3-methanol (ELVERT et al., 2001).  Abundance and identification of IPL derivatives was 

measured using a ThermoFinnigan Trace GC-MS using instrument parameters that have been 

defined previously (BIDDLE et al., 2006).  The column was run with a flow rate of 1 ml min-1 and 

a temperature program of 60 °C to 150 °C at 10 °C min-1 in the first 10 min. followed by a 

further 4 °C min-1 ramp to 310 °C and held at 310 °C for 35 minutes.  Compound specific carbon 

isotopic analysis (δ13C) of IPL derivatives was measured on a Hewlett-Packard 5890 GC 

interfaced with a ThermoFinnigan MAT252 isotope-ratio-monitoring mass spectrometer utilizing 

parameters defined previously (BIDDLE et al., 2006).  
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 Apolar lipids, which may be extracted from viable cells or “fossil” cell material, were 

also analyzed for qualitative and quantitative comparison to the IPL.  The non-polar fraction of 

the total lipid extract (above) was subjected to asphaltene separation by ultrasonication in 0.5 mL 

of n-hexane for 10 min followed by filtration of the suspension in a pasteur pipette filled with 

glass wool to yield the maltene fraction. The pipette was then washed with 4 mL of DCM to 

dissolve the asphaltenes.  The maltene fractions were then further separated into specific 

compound classes using SPE cartridges filters with 500 mg of aminopropyl packing material 

(Sigma Aldrich, Germany) following methods described previously (HINRICHS et al., 2000).  

Briefly, the cartridge was prepared (dried at 70 °C for 30 min, washed with five volumes of n-

hexane), the maltene fraction was dissolved in 200 μL n-hexane and then transferred to the 

cartridge. Four fractions were eluted: hydrocarbons (4 ml n-hexane), ketones and esters (6 ml 3:1 

n-hexane:DCM), alcohols (7 ml 9:1 DCM:acetone), and fatty acids (8 ml 2% formic acid in 

DCM).  Following addition of alcohol (n-nonadecanol) and hydrocarbon (cholestane) internal 

standards with known concentrations and stable carbon isotopic composition, methylsilyl-

derivatives of the alcohols were created with bis(trimethylsilyl)trifluoroacetamide and pyridine 

according to methods described previously (ORCUTT et al., 2005).  After addition of internal fatty 

acid (n-nonadecanoic acid) and hydrocarbon (cholestane) standards with known concentrations 

and stable carbon isotopic composition, fatty acid methyl esters were formed and analyzed as 

described above.    

 

Results 

 

Geochemistry 
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 At the summit sites 1249 and 1250, sulfate concentrations were very low near the surface, 

indicating consumption in the upper sediment layers (Figs. 1A and 2A, respectively).   Porewater 

methane concentrations were elevated in and just below the layers of massive hydrate at these 

two sites, returning to background values (<1 mM) with depth (Figs. 1A and 2A).  Both sites 

showed increases in salinity near the surface (Figs. 2B and 3B), likely due to rapid hydrate 

formation (TORRES et al., 2004).  Dissolved inorganic carbon (DIC) isotopic compositions at 

these sites were relatively heavy with δ13C values of 14-15‰ throughout the sampled depths 

(Figs. 1B and 2B).   For comparison, seawater DIC δ13C values are ~0 ‰ (CLAYPOOL et al., 

2006).  These values are consistent with high rates of biological methane formation by reduction 

of CO2 (TORRES and RUGH, 2006). The sedimentary organic carbon had a δ13C value between 

-23.5‰ and -25.4‰ (Fig. 6.3).  Methane at Site 1249 had δ13C values between -63 and -70‰, 

becoming heavier with depth.  At site 1250, δ13C of methane ranged from -65 to -70‰ above the 

BSR and became heavier (up to -60‰) below the BSR (MILKOV et al., 2005).   

 In contrast, at the eastern slope basin site (Site 1251), sulfate gradually decreased with 

depth, reaching lower (<1 mM) values at ~5.5 mbsf, roughly coinciding with the depth where 

porewater methane concentration increased (Fig. 6.4A). Additionally, dissolved sulfide showed a 

maximum concentration just above this zone, reaching 11.3 mM at 4.1 mbsf.  Although the 

upper ~10 m of the sediment exhibited seawater salinity, deeper layers indicated porewater 

freshening from a deep source with a broad mixing zone between ~10 and 210 mbsf (Fig. 6.4B).  

From the surface down to ~6 mbsf, δ13C values of porewater DIC were relatively light (around 

-14‰), and increased below that depth to ~12‰ below 25 mbsf (Fig 4B).  The sedimentary 

organic carbon had δ13C values of -22.5‰ at the surface and -23.2‰ at 5.5 mbsf (Fig. 6.3).  
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Methane had a δ13C value of -75‰ at 5.2 mbsf and exhibited a general increase in δ13C value 

with depth (CLAYPOOL et al., 2006).    

 

AOM and SR activity 

At Site 1249, AOM and SR activity was detectable in samples beneath the massive 

hydrate layer (Fig. 6.1C), although the rates were very low (0.01-0.05 nmol cm-3 d-1) in 

comparison with rates measured in the surface sediments of HR (BOETIUS and SUESS, 2004; 

TREUDE et al., 2003) or at other surficial methane seeps (i.e. rates usually tens to thousands nmol 

cm-3 d-1; (JOYE et al., 2004; ORCUTT et al., 2005)).  The measured rates were at the lower limits 

of detection of the methods (~0.001 nmol cm-3 d-1) and should be viewed as representing the 

range of activity over the incubation time (see Discussion).  At Site 1250, AOM was only 

detected in the surficial sample and at relatively low rates (0.05 nmol cm-3 d-1; Fig. 6.2C).  

Although highly variable between replicates, SR activity was detected at low levels (>0.1 nmol 

cm-3 d-1) in all samples investigated at this site (Fig. 6.2C).  At Site 1251, the highest rates (~0.2 

nmol cm-3 d-1) of sulfate reduction were measured in the samples above 6 mbsf; below this depth 

SR was not detected (Fig. 6.4C).  Very low rates (<0.01 nmol cm-3 d-1) of AOM were detected in 

a few samples above 10 mbsf but not at lower depths.  The highest measured rates of AOM at 

this site were measured within the sulfate methane transition zone (SMTZ).   

 

Microbial community structure investigated with DNA-based techniques 

Averaged over all investigated sites, total cell densities measured with AODC were in the 

range of 1.2 x 107 to 1.6 x 108 cells cm-3 (Table 6.3), which is within the higher end of the 

expected range (PARKES et al., 2000).  Due to the low number of cells per field-of-view densities 
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(typically 1 or no cells per field), quantification of the percentages of archaea and bacteria in the 

samples as measured by CARD FISH was not statistically robust; so, qualitative relative 

contributions to the microbial community structure were reported (Table 6.3).  Archaea were 

detected using CARD FISH in all investigated samples except in one sample from 30.7 mbsf at 

Site 1249.  Bacteria were also detected in all samples, and this group dominated the microbial 

community in a surficial sample from Site 1250 and in the same sample from Site 1249 where no 

Archaea were detected.  Cells targeted by the ANME-1 CARD FISH probe were detected in 

sediment from Site 1249 54 mbsf (Fig. 6.5), although the probe was used at low specificity and 

detection was not robustly reproducible.  No cells were identified with signal from the various 

CARD FISH probes designed to target the MBGB group of Crenarchaea; however, there were 

substantial difficulties in using the general DNA stain DAPI to identify cells in the deep 

biosphere sediments, as has been noted by other researchers (SCHIPPERS et al., 2005). 

16S rRNA gene libraries were constructed for two samples which had relatively high cell 

densities: Site 1249 54 mbsf and Site 1250 24 mbsf. Seven different major bacterial phylogenetic 

groups were detected by analysis of 97 (Site 1249 54 mbsf) and 36 clones (Site 1250 24 mbsf), 

respectively (Table 6.4): Alpha-, Beta-, and Gammaproteobacteria, Bacteroidetes, Firmicutes, 

Actinobacteria and the candidate phylum of uncultivated organisms “JS1”. The diversity within 

the Gammaproteobacteria was high, with observed sequences belonging to several different 

genera including Roseobacter spp., Pseudomonas spp., and Halomonas (EILERS et al., 2000).  

Gammaproteobacteria as well as the Firmicutes and Actinobacteria are commonly observed in 

16S rRNA gene library surveys and in cultivations of bacteria from deep biosphere sediments 

(D'HONDT et al., 2004; INAGAKI et al., 2006; TESKE, 2006; WEBSTER et al., 2006). At site 1249, 
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12 clones related to Thiomicrospira, sulfur oxidizers that are found in nearly all coastal surface 

sediments (BRINKHOFF et al., 1998) were retrieved.   

The archaeal clone libraries contained 94 clones from Site 1249 (54 mbsf) and 86 clones 

from Site 1250 (24 mbsf). At Site 1249 the most abundant group of clones (60%) was affiliated 

with ANME-1 archaea (Fig. 6.6), microorganisms which have been shown to mediate AOM at 

different methane seep sites (HINRICHS et al., 2000; MICHAELIS et al., 2002; ORPHAN et al., 

2001a; ORPHAN et al., 2001b).  This is the first time that this group has been detected in deep 

subsurface sediments.  The second most abundant archaeal clone group was the crenarchaeotal 

Marine Benthic Group B (MBGB; also referred to as the Deep Sea Archaeal Group, DSAG; 

(INAGAKI et al., 2006)) which was found at both sites with high numbers of clones (38 and 81 

clones at Sites 1249 and 1250, respectively).  MBGB sequences have been found at many 

methane-rich sediments, and it is speculated that this group is associated with methanotrophic 

communities or maybe involved in AOM (BIDDLE et al., 2006; KNITTEL et al., 2005).  The third 

group of clone sequences detected in our studies was the crenarchaeotal group Marine Benthic 

Group C (MBGC). This group contains only sequences from uncultivated species so their 

physiology and ecological function remains completely unknown. 

The detection of ANME-1 at Site 1249 led us to look further for potential sulfate-

reducing partners that may have not been revealed with the general 16S rRNA gene survey. We 

performed specific PCRs for groups of SRB repeatedly found at methane-rich sites (Table 6.2): 

Desulfosarcina/Desulfococcus spp. which have been found in consortium with ANME-2 

(BOETIUS et al., 2000) and ANME-1 (MICHAELIS et al., 2002), Desulfobulbus spp. which have 

been found in consortium with ANME-3 (NIEMANN et al., 2006), Desulforhopalus spp., the seep-

endemic group SEEP-SRB2 (KNITTEL et al., 2003), and Desulfovibrio spp.  From both samples, 
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sequences were obtained from the SEEP-SRB2 group and Desulforhopalus; however, no 

sequences were obtained from the known ANME partners Desulfosarcina/Desulfococcus or 

Desulfobulbus (Fig. 6.7). The sequences related to Desulforhopalus were most closely affiliated 

with the moderately psychrophilic species Desulforhopalus vacuolatus (95% sequence 

similarity) and the psychrophilic strain LSv22 isolated from Svalbard sediments (99% similarity; 

(KNOBLAUCH et al., 1999)). The SEEP-SRB2 sequences branched within the large cluster of 

more than 70 sequences from 12 different habitats. Although they are commonly detected in 

methane-rich sediments and generally co-occur with the ANME/DSS consortia, no organisms of 

this group have been cultivated; thus, assigning functional roles to the detected microorganisms 

is not possible.  

 

Microbial community structure measured with lipid-based techniques 

 Confirming the results from CARD FISH and gene library methods, the IPL composition 

indicated that both Archaea and Bacteria are present and active in the deep biosphere of Hydrate 

Ridge, although the relative proportion of these domains varied between samples (Table 6.3).  

Bacterial IPLs were detectable in all samples except from 24 mbsf at Site 1250 and 5.5 mbsf at 

Site 1251 and were comprised of diacylglycerophospholipids with phosphoethanolamine (PE) 

and phosphoglycerol (PG) polar head groups.  The PG headgroup-containing compounds were 

more abundant than the PE headgroup compounds except at Site 1250, 0.8 mbsf.  Fatty acid 

methyl ester derivatives from the intact bacterial lipids in all samples revealed that the acyl 

chains consisted mainly of 16:1ω7c, 16:1ω5c, 16:0, 18:1ω9c, and 18:1ω7c, and 18:0 fatty acids.  

Of these fatty acids, 16:1ω5c became strongly enriched in a growing ANME/DSS culture 

(NAUHAUS et al., 2006), and appeared to be a specific biomarker of the SRB partner in AOM.  
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Although no bacterial IPLs were detected by HPLC analysis from Site 1250 24 mbsf and Site 

1251 5.5 mbsf samples, concentration by preparative HPLC and subsequent derivatization 

revealed a small quantity (20-60 ng lipid/gsediment versus 80-800 ng/g in other samples, data not 

shown) of polar fatty acids in these samples.  With the exception of the sample from Site 1250, 

0.8 mbsf, the carbon isotopic composition of the bacterial fatty acids from the summit sites 

ranged between -23‰ and -29‰.  The Site 1250, 0.8 mbsf sample contained depleted 16:1 

(-50‰), 16:0 (-42‰) and 18:1 (-39‰) fatty acids, indicating that the bacteria at this depth were 

incorporating 13C-depleted carbon compounds into biomass.  At the eastern slope basin Site 

1251, the stable carbon isotopic compositions of the fatty acids ranged from -29‰ to -35‰.  

The archaeal IPL glyceroldialkylglyceroltetraethers (GDGT) with diglycosidic polar head 

groups were detected in all of the investigated sediments (Table 6.3).  The detected GDGTs 

appeared to occur with two types of diglycosidic headgroups, distinguished on the mass 

spectrometer as having base peaks at ~ m/z 1640 (GDGT-A, two hexoses) or ~1660 m/z 

(GDGT-B, possibly containing a hexose and a modified sugar derivative, K.-U. Hinrichs and J. 

Lipp, unpublished data).  Samples above 8 m were dominated by the GDGT-A group, with the 

exception of the sample from the SMTZ at Site 1251.  Deeper samples were dominated by the 

GDGT-B group.  Due to coelution on the HPLC, determination of the abundance of the various 

GDGT compounds was not possible.  Biphytanes with 0-3 rings were revealed by HI/LiAlH4 

treatment to be the components of the alkyl chains in the GDGTs.  The acyclic biphytane was the 

most abundant compound in all of the investigated samples, although the proportion of the other 

biphytanes varied.  With the exception of the tricyclic biphytane, possibly derived from 

crenarchaeol, which had a δ13C value of -21‰, the biphytanes from the shallow Site 1250 

sample were strongly depleted in 13C (δ values of -55 to -95‰), with the monocyclic biphytane 
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being the most depleted.  The monocyclic biphytane derived from IPL in the Station 1250, 7.4 

mbsf sample was also slightly depleted at -35‰.  The remaining biphytanes extracted from the 

summit site samples had heavier δ13C values ranging from -19‰ to -26‰.  The IPL-derived 

biphytanes from the slope basin Site 1251 were on average even heavier at -22‰ to -23‰.  In all 

samples, the tricyclic biphytane was the heaviest of the biphytanes.  The shallow sample from 

Site 1250 was the only sample to contain intact polar diglycosidic archaeol diether (data not 

shown).  The phytane derivative of the archaeol was also depleted in 13C with a δ value of -54‰ 

(Table 6.3).   

A variety of apolar compounds, which could derive from living or dead/fossil cells, were 

also detected in the samples (Table 6.3).  As seen in the polar-derived fatty acids, the shallow 

Site 1250 sample (0.8 mbsf) had depleted 16:1 (-48‰) and 18:1 (-49‰) apolar fatty acids, 

indicating that the bacteria which synthesized these compounds were incorporating carbon 

substrates which were depleted in 13C.  No other sample contained depleted short-chain apolar 

fatty acids.  The sample from Site 1250, 7.4 mbsf contained a fatty acid derivative of the acyclic 

biphytane which was slightly depleted in 13C (data not shown).  Otherwise, the apolar fatty acids 

observed in these samples had carbon isotopic compositions ranging from -20‰ to -31‰.  13C-

depleted apolar pentamethyleicosane (PMI, a compound often found in AOM-mediating 

communities (ELVERT et al., 2000; ELVERT et al., 1999) including those in the subsurface (BIAN 

et al., 2001)) was detected in all of the samples from Site 1250, with the strongest depletion 

occurring in the shallow sample (-95‰) and the weakest depletion in the deep 24 mbsf sample 

(-52‰).   No other samples contained depleted PMI.  Apolar archaeol was detected in all 

samples investigated, but only the archaeol from the 0.8 mbsf at Site 1250 exhibited 13C 

depletion.   
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Discussion 

 

Anaerobic methane-consuming communities in the deep biosphere of Hydrate Ridge 

This is the first report of the occurrence of the anaerobic methanotrophic archaeal group 

ANME-1 in deep subsurface sediments.  The ANME-1 group is well known from surficial 

environments such as the methanotrophic reefs of the Black Sea (MICHAELIS et al., 2002), 

coastal SMTZ zones (NIEMANN et al., 2005), shallow subsurface of cold seeps at Hydrate Ridge 

(KNITTEL et al., 2005), the Eel River Basin (HINRICHS et al., 1999; ORPHAN et al., 2001b; 

ORPHAN et al., 2002), the Gulf of Mexico (LLOYD et al., 2006; ORCUTT et al., 2005) and 

hydrothermal sediments in the Guaymas Basin (TESKE et al., 2002).  Previous extensive studies 

of deep subsurface sediments with and without hydrates by INAGAKI et al. (2006) did not retrieve 

a single sequence belonging to anaerobic methanotrophs after analyzing several thousands of 

clones.  In this study, multiple ANME-1 sequences were retrieved from a sample at 54 mbsf at 

Site 1249 that had low but measurable AOM rates; ANME-1 cells were also visually identified 

using a CARD FISH probe specific for the 16S rRNA of ANME-1 (Figs. 5, 6).   The ANME-1 

might co-occur with sulfate reducing bacteria of the SEEP-SRB2 and Desulforhopalus spp. 

clades (Fig. 6.7), although functional association between these microorganisms remains highly 

speculative.  Although no polar or apolar lipid biomarkers extracted from the ANME-1 

containing sediment were noticeably depleted in 13C (Table 6.3), which would indicate the 

incorporation of methane-derived carbon into biomass, it is possible that the ANME-1 

community was in very low abundance, and that any signature of methane incorporation into 
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biomass was diluted out by the input of the same biomarker compounds from other species – 

such as the Crenarchaeota - which do not incorporate methane-derived carbon into biomass.   

An abundant AOM-mediating community of archaea and bacteria is evident in the 

shallow samples from summit Site 1250 based on 13C-depleted polar and apolar lipid biomarkers 

(Table 6.3, Fig. 6.3).  The potential rates of AOM and SR in this sediment are relatively low in 

comparison to surficial Hydrate Ridge sediments, which contain 109- 1010 cells cm-3 sediment of 

which 90% are involved in AOM (KNITTEL et al., 2003; KNITTEL et al., 2005; TREUDE et al., 

2003).  Using biomarker/cell abundance ratios developed from surficial cold seep sediments, 

rough proportions of ANME and SRB populations in this sediment can be estimated.  At Hydrate 

Ridge surficial sediments, ELVERT et al. (2003) determined a ratio of 0.9 • 10-15 g C16:1
 fatty acid 

per SRB cell at depths where ANME-2/SRB aggregates were abundant.  Comparing the density 

of ANME-1 cells in Black Sea mats (~5 • 1010 cells gdw-1; (KNITTEL et al., 2005)) with 

abundances of archaeol (214 μg gdw-1 mat material; (BLUMENBERG et al., 2004)) allows a 

calculation of roughly 4.3 • 10-15 g archaeol per ANME-1 cell, assuming that all of the archaeol 

originates from ANME-1 cells.  Applying these ratios to the biomarker content of the Site 1250 

0.8 mbsf sediment (Table 6.3) and assuming that these apolar compounds originate solely from 

SRB and ANME populations, an estimate of 1.7 • 107 ANME-1 cells cm-3 and 1.6 • 108 SRB 

cells cm-3 is calculated.  These cell densities are higher by up to an order of magnitude than the 

cell density measured by AODC (Table 6.3) and may reflect the variable cell wall composition 

of surficial versus subsurface microorganisms, that the compounds are not species-specific, or, 

more likely, substantial contributions from fossil biomass.  Note that intact, polar archaeol was 

not detected in this sample. 
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AOM in the deep biosphere of Hydrate Ridge   

The total absence or extremely low measured rates of AOM in the methane-rich 

sediments of the Hydrate Ridge deep biosphere is surprising, given the availability of methane.  

It is possible that AOM in these systems is limited by the availability of the electron acceptor 

sulfate; the in situ concentrations of sulfate were below 2 mM (TRÉHU et al., 2003).  Available 

data from enriched AOM-mediating communities from surficial methane-seep habitats indicate 

that sulfate-limitation of AOM can occur when sulfate is in the low mM range (TREUDE, 2003).  

However, the tracer incubation conditions provided higher levels of sulfate (>20 mM) and 

methane (>1 mM), which would have made AOM favorable.  However, if the microorganisms 

which could mediate AOM were in very low abundance due to the unfavorable in situ 

conditions, and if the growth rates of these microorganisms are quite low (NAUHAUS et al., 

2006), then it is not surprising that AOM activity could not be detected in some of the samples.  

With the concurrence of non-limiting sulfate concentrations and elevated methane, AOM is a 

likely energy providing process in some areas of the Hydrate Ridge deep biosphere.   

Considering the free energy available from methane or organic carbon consumption in 

the Hydrate Ridge deep biosphere, and building on assumptions initially presented elsewhere 

(BIDDLE et al., 2006), AOM is estimated to provide a significant fraction of energy to the 

microbial community (Table 6.5).  For instance, in the Site 1249 54 mbsf sample where the 

ANME-1 were detected, taking the first order rate constant measured in the 14CH4 tracer AOM 

incubation assays of this study (6.7 • 10-6 hr-1) and assuming that this rate constant is a reflection 

of the potential activity of the AOM community in situ, scaling the methane turnover to the 

theoretical soluble methane concentration in situ (~90 mM; from (MILKOV et al., 2003)) [ex situ 

measurements of methane can be low estimates because of methane degassing and hydrate 
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sublimation during sediment recovery], a potential in situ rate of AOM is estimated at ~5 • 10-6 

mol cm-3 yr-1 (Table 6.5).  Given the free energy available from the AOM reaction at the in situ 

conditions, 8 • 10-2 J cm-3 yr-1 can be provided from the AOM reaction (Table 6.5).  In 

comparison, the degradation of organic matter by SR or methanogenesis is estimated to yield 

~6.6 – 14.0 • 10-5 J cm-3 yr-1, assuming either hexadecane or sucrose as the model organic carbon 

for standard Gibbs free energy calculations (Table 6.5).  Assuming instead that acetate were the 

model organic carbon compound, the calculation of energy yield using measured acetate values 

from LORENSEN et al. (2006) indicates that even less energy would be available overall from 

organic carbon degradation.  Following these assumptions, AOM theoretically provides more 

energy than organic carbon degradation at all of the depths and sites investigated.  Similarly, 

AOM could provide up to 23% of the energy required to maintain the microbial community, 

which may be a low estimate for two reasons: first, the maintenance energy calculation assumes 

that all of the cells measured by AODC are active (Table 6.5), and second, the in situ methane 

concentrations measured by pressure core samplers at the summit sites were actually higher than 

the theoretical methane solubility values (MILKOV et al., 2003).  These estimated contributions of 

AOM to the total energy in the Hydrate Ridge deep biosphere are substantially higher than has 

been estimated based on methane fluxes for other deep biosphere sediments (BIDDLE et al., 

2006).    

A lower, more conservative estimate of the energy available from AOM can be found by 

assuming that the in situ rates are closer to those measured in the 14C tracer assays, even though 

these were conducted at much lower pressures (1 atm) and methane concentrations (~1.2 mM) 

than what would be expected in situ.  If the in situ rates matched the experimental rates, then the 

free energy from AOM would range from ~10 to 564 • 10-6 J cm-3 yr-1 (Table 6.5).  AOM at 
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these rates would only provide up to 0.3% of the required energy to maintain the observed 

microbial community.  Organic carbon degradation would provide more energy than AOM at the 

shallower depths (<10 mbsf) including the SMTZ at Site 1251.  However, the available free 

energy from both AOM and organic carbon degradation under these assumptions could only 

provide a very small fraction (<2%) of the total maintenance energy, as suggested previously 

(BIDDLE et al., 2006), suggesting that laboratory models of maintenance energies are not 

adequate for describing deep subsurface microbial communities.     

Overall, the experimental rates (but not the derived potential in situ rates, Table 6.5) of 

SR and AOM activity measured in the Hydrate Ridge deep biosphere are comparable to rates 

measured or estimated at the Peru Margin deep biosphere sites (BIDDLE et al., 2006; PARKES et 

al., 2005) but lower than rates determined for the Blake Ridge deep biosphere (PARKES et al., 

2000) or some areas of the Cascadia convergent margin (CRAGG et al., 1996).  Low rates of 

metabolic activity at those sites were suggested to reflect low-energy conditions due to reductant 

limitation (PARKES et al., 2000).  High rates of AOM activity were observed at other Cascadia 

convergent margin sediments with high measured gas hydrate content (CRAGG et al., 1996); the 

lower comparative rates of AOM in our samples may reflect the lower gas hydrate content of the 

specific sediments in this study which were collected below the zones of massive hydrate 

content.    Additional support for the occurrence of AOM within the zone where ANME-1 were 

observed comes from the observation that methane has a slightly heavier δ13C value around 50 

mbsf compared to the zones above and below (CLAYPOOL et al., 2006), indicating that 12C-

methane has been preferentially removed by oxidation.  In addition, the δ13C of CO2 is lowest in 

this particular horizon (MILKOV et al., 2005) and suggests a local source of 13C-depleted CO2. 
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AOM at a deep SMTZ at Hydrate Ridge 

   Based on the chemistry and isotopic composition of sedimentary carbon and sulfur 

compounds in the eastern slope basin (i.e. Site 1251), AOM may be very minor or absent and the 

majority of sulfate may be consumed via organic carbon mineralization (BOROWSKI, 2006).  At 

this site, rapid sedimentation rates and organic carbon delivery may limit the amount of methane 

which can diffuse to the SMTZ to support AOM (TORRES and RUGH, 2006).  At site 1251 

SMTZ, AOM was detected at low but measurable rates (Fig. 6.4C).  Based on the composition of 

intact polar lipids extracted from the SMTZ, archaea dominated this habitat.  However, no 

distinctly 13C-depleted polar or apolar lipid biomarkers were detected in this sample.   One 

possible explanation for this observation would be that the AOM-mediating community at the 

SMTZ incorporates non-methane carbon into biomass.  This was suggested for other deep SMTZ 

which were dominated by members of the MBGB and MCG Crenarchaeota (BIDDLE et al., 

2006). However, even in the subsurface sample at Hydrate Ridge where ANME-1 was detected 

(Site 1249, 24 mbsf), the bulk lipid biomarkers were also not depleted in 13C, suggesting the 

isotopic signature of AOM-mediating populations at low abundance may not be resolved from 

the biomass of other organisms incorporating for example sedimentary organic matter.  

Alternatively, even ANME-1 may not incorporate methane-derived C under low-energy 

conditions.   

 

Bacteria and Archaea observed in the deep biosphere of Hydrate Ridge  

The data presented here indicate that both Archaea and Bacteria are present and active in 

the deep biosphere of Southern Hydrate Ridge in varying relative proportions of biomass and 

biodiversity.  This supports previous findings that Archaea are important members of the 
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subsurface community (BIDDLE et al., 2006; MAUCLAIRE et al., 2004) as well as evidence from 

other researchers which show that Bacteria are also a major component of the deep biosphere 

(SCHIPPERS and NERETIN, 2006; SCHIPPERS et al., 2005).  The presence of Marine Benthic Group 

B microorganisms in the Hydrate Ridge subsurface (Table 6.3, Fig. 6.6) is consistent with data 

from other recent studies on the microbial diversity of subsurface sediments where this group 

was found to be abundant with respect to clone frequencies (INAGAKI et al., 2006; SØRENSEN et 

al., 2004; SØRENSEN and TESKE, 2006) and lipid biomarker composition (BIDDLE et al., 2006).  

The observation of the seep endemic SEEP-SRB 2 sequences from Site 1249 where ANME-1 

were detected is intriguing and requires further investigation.  The metabolic role of this 

microbial group at surficial cold seeps is unknown but is speculated to be involved in 

hydrocarbon cycling (KNITTEL et al., 2003; ORCUTT et al., In preparation).   

    

Conclusion and Outlook 

Complimentary molecular biogeochemical techniques indicate that both Archaea and 

Bacteria are present in the subsurface of Hydrate Ridge. In contrast to the surface sediments, 

where high rates of AOM occur and anaerobic methanotrophs comprise > 90% of the microbial 

community (TREUDE et al., 2003), AOM in the deep subsurface of Southern Hydrate Ridge 

occurs at low rates and may be limited by the availability of the electron acceptor sulfate.  

Marine Benthic Group B microorganisms appear to dominate the archaeal community in 

subsurface sediments, similar to other hydrate bearing deep biosphere systems (INAGAKI et al., 

2006). We also found that Crenarcheota dominate the microbial community in a sulfate methane 

transition zone, as reported for other deep biosphere sites (BIDDLE et al., 2006), but the isotope 

composition of their biomarkers does not show distinct signs of methane uptake. Only at the base 
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of the hydrate stability zone did we detect sequences commonly assigned to archaeal methane-

oxidizers otherwise known from surficial cold seep systems and methane-sulfate transition 

zones. The finding of ANME-1 sequences in a deep biosphere sample is reported for the first 

time, although their abundance and activity was rather low. They co-occur with 16S rRNA genes 

of sulfate reducing bacteria in the same zone, which are common to cold seep systems, but have 

not been shown to form consortia. 

 

 

 221



Acknowledgements 

This work would not have been possible without the support of the ODP Leg 204 shipboard team 

and chief scientists Gerhard Bohrmann, Marta Torres, and Anne Tréhu.  This cruise was 

sponsored by the US National Science Foundation and participating countries in the Joint 

Oceanographic Institutions, Inc.  The DFG provided funding for this research to A. Boetius 

(BO1650-3) and to K.-U. Hinrichs (Hi 616/4 and RCOM).  We wish to acknowledge Melanie 

Summit and Mark Delwiche for their unending sampling effort at sea; Daniel Birgel and Marcus 

Elvert for biomarker analytical expertise; Imke Busse and Viola Beier for analytical assistance; 

Monika Segl for providing the isotopic composition of organic matter. 

 

 

 222



Figure Captions 

 

Figure 6.1. Geochemical characteristics and microbial activity in sediments collected from Site 

1249 at the summit of Southern Hydrate Ridge (ODP Leg 204).  Depth scale in all panels same 

as indicated in panel A. (A) Sulfate (SO4) and methane (CH4) concentrations.  (B) Chloride (Cl-) 

concentration and stable carbon isotopic composition of dissolved inorganic carbon (13C-DIC 

versus PDB; in per mil notation).  (C) Sulfate reduction (SR) and rates of anaerobic oxidation of 

methane (AOM); error bars represent the standard deviation (n=3). 

  

Figure 6.2.  Geochemical characteristics and microbial activity in sediments collected from Site 

1250 at the summit of Southern Hydrate Ridge (ODP Leg 204).  Depth scale in all panels same 

as indicated in panel A. (A) Sulfate (SO4) and methane (CH4) concentrations.  (B) Chloride (Cl-) 

concentration and stable carbon isotopic composition of dissolved inorganic carbon (13C-DIC 

versus PDB; in per mil notation).  (C) Sulfate reduction (SR) and rates of anaerobic oxidation of 

methane (AOM); error bars represent the standard deviation (n=3). 

 

Figure 6.3. Comparison of the stable carbon isotopic composition (d13C) of sedimentary 

methane (black triangles), TOC (grey triangles) and DIC (open triangles) with select polar- 

(filled circles) and apolar- (open circles) derived lipid biomarkers for archaea, including 

biphytane with 0 rings (yellow circles), biphythane with 1 ring (red circles), biphytane with 3 

rings (blue circles), and archaeol (green circles) extracted from Hydrate Ridge deep biosphere 

samples (ODP Leg 204).   
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Figure 6.4.  Geochemical characteristics and microbial activity in sediments collected from Site 

1251 on the eastern slope basin of Southern Hydrate Ridge (ODP Leg 204).  Depth scale in all 

panels same as indicated in panel A. Note break in depth scale.  (A) Sulfate (SO4) and methane 

(CH4) concentrations.  (B) Chloride (Cl-) concentration and stable carbon isotopic composition 

of dissolved inorganic carbon (13C-DIC versus PDB; in per mil notation).  (C) Sulfate reduction 

(SR) and rates of anaerobic oxidation of methane (AOM); error bars represent the standard 

deviation (n=3). 

 

Figure 6.5. CARD FISH micrograph of ANME-1 cells in a sample from Site 1249, 54 mbsf.  

Scale in both panels is 10 μm.  (A) DAPI-stained cells.  (B) Cells with positive signal from the 

ANME-1 350 probe.   

 

Figure 6.6. Phylogenetic tree showing the affiliations of Site 1249 54 mbsf, and 1250 24 mbsf, 

16S rRNA gene sequences to selected sequences of the Archaea. The tree was calculated with 

nearly full-length sequences by neighbor-joining analysis in combination with filters, which 

consider only 50% conserved regions of the 16S rRNA gene of the Archaea. Groups containing 

sequences from site 1249 and 1250 samples are printed in boldface type. The scale bar gives 

10% estimated sequence divergence. 

 

Figure 6.7. 16S rRNA phylogenetic tree showing the affiliations of the detected groups of 

sulfate-reducing bacteria at Sites 1249, 54 mbsf and 1250, 24 mbsf, to selected sequences of the 

Deltaproteobacteria. The tree was calculated with nearly full-length sequences by neighbor-

joining analysis in combination with filters, which consider only 50% conserved regions of the 
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16S rRNA gene of the Deltaproteobacteria. Groups containing sequences from site 1249 and 

1250 samples are labeled grey. The scale bar gives 10% estimated sequence divergence. 

 

Figure 8.  Flowchart illustrating the variety of lipid compounds and their derivatizations in 

Hydrate Ridge deep biosphere (ODP Leg 204).  
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Table 6.1. Southern Hydrate Ridge (ODP Leg 204) site characteristics 

Site Description Latitude Longitude Water 
depth (m) 

BSR 
depth (m) 

1249 Summit 44°35.17’N 125o8.84’W 775-788 115 
1250 Summit 44°35.17’N 125o9.01’W 792-807 112 
1251 Slope basin 44°34.21’N 125o4.44’W 1210 193 
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Table 6.2. Primers used for specific amplification of SRB. 

Target Group Primer set Tm
a Reference 

Desulfosarcina/Desulfococcus 
spp. 

GM3/DSS658 52 (MANZ et al., 1998; MUYZER et al., 1995) 

Desulforhopalus spp. GM3/DSR651 52 (MANZ et al., 1998; MUYZER et al., 1995) 
Desulfovibrio spp. GM3/DSV698 52 (MANZ et al., 1998; MUYZER et al., 1995) 
Desulfobulbus spp. GM3/660 52 (DEVEREUX et al., 1992; MUYZER et al., 1995) 
Desulfobulbus spp. DBB121/DBB1237 66 (DALY et al., 2000) 
SEEP-SRB2 SEEP-SRB2-138Fb 

/EUB1492R 
44 This study, (KANE et al., 1993) 

a: Tm, annealing temperature 
b: SEEP-SRB2-138F: TTG GTT TGG AAT AAC CCG
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Table 6.3. Composition of bacterial and archaeal apolar and polar lipids and relative composition of microbial community as 
measured by FISH in Hydrate Ridge deep biosphere sediments (ODP Leg 204).  Unusually 13C-depleted lipid compounds highlighted 
in bold font.  

    Site 1249 Site 1250 Site 1251 

  mbsf 30.7 54.1 0.8 7.4 24 0.95 5.5 
PMI 7 (-35) 5 (n.d.) 22 (-95) 14 (-63) 14 (-52) 9 (n.d.) 7 (n.d.) 

crocetane n.d. n.d. 25 (-82) n.d. n.d. n.d. n.d. 
archaeol* 27 (-28) 74 (-32) 71 (-43) 62 (-32) 161 (-35) 31 (-25) 17 (-31) 

16:1 fatty acid n.d. n.d. 146 (-48) n.d. n.d. 83 (-29) n.d. 
16:0 fatty acid 23 (-30) 23 (n.d.) 142 (-35) 430 (-25) 40 (n.d.) 355 (-25) 8 (n.d.) 
18:1 fatty acid n.d. n.d. 61 (-49) n.d. n.d. 114 (-27) n.d. 

A
po

la
r 

 

18:0 fatty acid ng
/g

se
di

m
en

t (
δ13

C
) 

48 (-28) 42 (-27) 65 (-24) 386 (-24) 42 (-26) 317 (-24) 18 (n.d.) 
GDGT-A  158 165 328 234 184 459 93 
GDGT-B  208 538 150 145 242 525 143 

PG-headgroup 1423 264 153 86 n.d. 1328 n.d. IP
L

 

PE-headgroup ng
/g

se
di

em
tn

 

404 82 330 n.d. n.d. 896 n.d. 
phytane n.d. n.d. 3 (-54) n.d. n.d. n.d. n.d. 

biphytane (0-ring) 54 (-24) 63 (-26) 54 (-55) 58 (-24) 52 (-25) 57 (-22) 55 (-22) 
biphytane (1-ring) 7 (-25) 11 (-22) 22 (-95) 9 (-35) 10 (-27) 6 (n.d.) 5 (-23) 
biphytane (2-ring) 17 (-22) 14 (-25) 14 (-69) 14 (-26) 18 (-22) 16 (-23) 17 (-23) 
biphytane (3-ring) 23 (-22) 13 (-19) 7 (-21) 19 (-24) 20 (-20) 21 (-22) 23 (-22) 

16:1 fatty acid 31 (-28) 23 (-25) 42 (-50) 7 (-25) 23 (-29) 29 (-31) 13 (-31) 
16:0 fatty acid 17 (-29) 26 (-26) 36 (-42) 35 (-25) 30 (-27) 37 (-30) 48 (-29) 
18:1 fatty acid 44 (-27) 41 (-24) 17 (-39) 22 (-25) 35 (-28) 30 (-31) 21 (-35) IP

L
 d

er
iv

at
iv

es
 

18:0 fatty acid 

%
 (δ

13
C

) 

4 (-27) 10 (-24) 5 (n.d.) 36 (-23) 12 (-26) 4 (-29) 18 (-34) 

  AODC cells ml-1  2.9E+07 3.9E+07 1.2E+07 4.4E+07 1.1E+08 6.0E+07 3.7E+07 

  Archaea (FISH) - + + n.m. + n.m. + 
Bacteria (FISH) 

  

++ + ++ n.m. + n.m. +   

n.d. – not detected; n.m. – not measured; * Target compound co-eluted on irMS with isomeric compound and thus has a mixed signal 
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Table 6.4. Overview of 16S rRNA gene sequences obtained from Site 1249 54 mbsf and Site 1250 24 mbsf using general archaeal and 
bacterial primers. 
 

 Phylogenetic group 1249 
54 mbsf 

1250 
24 mbsf 

Alphaproteobacteria 0 2 

Betaproteobacteria 0 1 

Gammaproteobacteria 97 24 

Bacteroidetes-Chlorobium 0 2 

JS1 0 3 

Firmicutes 0 2 

B
ac

te
ria

 

Actinobacteria 0 2 

ANME-1 56 0 

Marine benthic group B 38 81 

A
rc

ha
ea

 

Marine benthic group C 0 5 
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Table 6.5. Rates of AOM and OC degradation activity and corresponding energy yields and requirements for microbial communities 

in the Southern Hydrate Ridge deep biosphere sediments (ODP Leg 204). 

Depth AOM 
rate, 
exp.a 

AOM rate, 
in situ 

potentialb  

OC 
degradation 

ratec 

ΔGAOM
d ΣΔGAOM, 

exp.e 
ΣΔGAOM, 

in situ 
potentialf 

ΣΔGOC_MOG
g ΣΔGOC_SR

g Maintenan
ce energyh 

Fraction 
energy 
AOMi 

Site 

mbsf 10-9 mol C cm-3 yr-1 kJ mol-1 10-6 J cm-3 yr-1 % 
1249 31 17.2 986 1.8 -32.7 564 32,000 41/101 70/135 213,000 0.3/15 

 54 7.5 5,282 1.0 -15.2 114 80,000 24/60 42/80 354,000 0.03/23 
1250 0.8 12.8 788 84.6 -16.2 208 13,000 1,980/4,909 3,385/6,517 71,000 0.3/18 

 7 0.4* 35* 11.6 -27.7 10* 970* 272/674 465/895 290,000 0.003/0.3 
 24 0.4* 37* 3.6 -28.4 10* 1,054* 85/211 145/280 810,000 0.001/0.1 

1251 0.5 0.4* 33* 300.9 -32.3 12* 1,060* 7,042/17,500 12,037/23,172 473,000 0.002/0.2 
 5.5 2.8 175 45.8 -20.2 56 3,540 1,072/2,658 1,833/3,629 244,000 0.02/1.5 

a Rate estimated from potential activity experiments conducted at 1 atm pressure, this study 
b Rate of AOM estimated using the substrate turnover rate measured in this study and the theoretical soluble CH4 concentration at 

depth in situ (MILKOV et al., 2003). 
c OC degradation rate calculated using diagenetic model of (MIDDELBURG, 1989), rate = TOC • k • ρsed / mc, where TOC is the 

sedimentary organic carbon content (1.5% at all sites; from (TRÉHU et al., 2003)), ρsed is the mean density of the sediment 
(TRÉHU et al., 2003), and mc is 12.011 g C mol-1.  k is the decay constant for the sediment depth determined by k = 0.16 • (a + 
t)-0.95 (MIDDELBURG, 1989), where a is the assumed initial reactivity of the organic matter (500 yr) and t is the age of the 
sediment at depth, which was calculated from the measured sedimentation rates at the sites (9, 15, and 60 cm kyr-1 at Sites 
1249, 1250, and 1251, respectively; (TRÉHU et al., 2003)).  

d Free energy yield of the AOM reaction (ΔGAOM) at in situ temperatures and activities calculated by ΔGAOM = ΔG°
AOM + R • T • 

ln((γ[HCO3
-] • γ[HS-])/( γ[CH4] • γ[SO4

2-])), where ΔG°
AOM is the standard free energy yield of the AOM reaction (-32.9 

kJ/mol; calculated using free energy of formation values from (STUMM and MORGAN, 1981); R is the universal gas constant 
(8.314 J mol-1 K-1); T is the in situ temperature (TRÉHU et al., 2003); γ represents the activity coefficients for the various 
species assuming an ionic strength of seawater (MILLERO and PIERROT, 1998); [HCO3

-] is the concentration of bicarbonate as 
calculated from published alkalinity and pH values (TRÉHU et al., 2003); [CH4] is the concentration of methane (MILKOV et al., 
2005); [SO4

2-] is the concentration of sulfate (TRÉHU et al., 2003); and [HS-] is the concentration of sulfide (BOROWSKI, 2006). 
e Energy produced from AOM rates measured in the experiments in this study based on the free energy available from the AOM 

reaction 
f Energy produced from potential in situ rates of AOM based on the free energy available from the AOM reaction. 
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g Energy produced from estimated OC carbon degradation rates based on assumed free energy yields of methanogenesis (ΣΔGOC_MOG) 
or sulfate reduction (ΣΔGOC_SR) with organic carbon represented by either hexadecane (first value; ΔGOC_MOG = -23.4 kJ/mol 
electron donor; ΔGOC_SR = -40 kJ/mol; (ZENGLER et al., 1999)) or sucrose (second value; ΔGOC_MOG = -58 kJ/mol; ΔGOC_SR = -
77 kJ/mol; (BERNER, 1980)).   

h Energy required to support the quantified microbial community (this study) calculated as described in (BIDDLE et al., 2006) using the 
model of (HARDER, 1997) where the maintenance energy equals the product of number of cells cm-3, the cellular carbon 
content (19 fg C cell-1), the constant 4.99 • 1012 kJ (g dry weight cell)-1 d-1 for anaerobic bacteria, and the exponent of an 
assumed activation energy of -69.4 kJ mol-1 divided by the universal gas constant and the in situ temperature. 

i Fraction of the total maintenance energy that can be supplied by AOM at the experimental AOM rates (first value) or the potential in 
situ rates (second value) 

*  no AOM was measured using tracer at these depths, values are calculated assuming AOM rate is at the detection limit of the method 
(1 pmol cm-3 d-1).
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Abstract 

Anaerobic oxidation of methane (AOM) is the main process responsible for the removal of 

methane generated in Earth’s subsurface environments. However, the biochemical mechanism of 

AOM, performed by methanotrophic archaea and sulfate reducing bacteria, remains elusive. 

Explicitly resolving the observed spatial arrangement of the microbes, potential intermediates 

involved in the electron transfer between the methane oxidizing and sulfate reducing partners are 

investigated via a consortia-scale reaction transport model that integrates experimental data with 

thermodynamic and kinetic controls on microbial activity.  The results show that neither 

hydrogen, acetate, nor formate is exchanged fast enough via diffusion to achieve measured rates 

of metabolic activity. Higher rates of intermediate production lead to increased diffusive fluxes, 

but the build-up of the exchangeable species causes the energy yield of AOM to drop below that 

required for ATP production. A mechanism other than the diffusive exchange of intermediate 

metabolites to translocate electrons from the inner core to the outer shell or the environment may 

play an important role in the functioning these microbial aggregates.  
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1. Introduction 

Methane, a potent greenhouse gas produced in anoxic regions of the ocean’s subsurface, is 

largely prevented from entering the overlying water column and reaching the atmosphere by the 

activity of microorganisms living in marine sediments.  Geochemical evidence indicates that the 

net consumption of methane (CH4) in these anoxic environments is linked to the consumption of 

sulfate (SO4
2-) according to (BARNES and GOLDBERG, 1976; DEVOL et al., 1984; HOEHLER et al., 

1994; IVERSEN and JØRGENSEN, 1985; REEBURGH, 1976): 

CH4 + SO4
2-  HS- + HCO3

- + H2O       (Eq. 1) 

Results from DNA- and lipid-based investigations indicate that the consumption of sulfate and 

methane is mediated via a syntrophic relationship between sulfate-reducing bacteria (SRB) and 

methanotrophic archaea (ANME, after ANaerobic MEthanotroph; (BOETIUS et al., 2000; ELVERT 

et al., 1999; HINRICHS et al., 2000; HOEHLER et al., 1994; ORPHAN et al., 2001), and three distinct 

phylogenetic clades of ANMEs and multiple SRB groups have been identified which may be 

involved with this process (KNITTEL et al., 2003).  

Attempts to isolate these microorganisms in culture so far have been unsuccessful 

(NAUHAUS et al., 2002a) and significant gaps remain in understanding the biochemical 

mechanism of AOM, including on how the processes of AOM and sulfate reduction (SR) are 

linked to one another (HOEHLER et al., 1994; NAUHAUS et al., 2002a; SØRENSEN et al., 2001; 

VALENTINE and REEBURGH, 2000). The concentrations of potential intermediates involved in 

electron exchange, produced during methane oxidation and consumed during sulfate reduction 

(Table 7.1), likely play a significant role in regulating consortia energetics, as high 

concentrations thermodynamically favor SR but lower the energy yield for the ANME. Thus, a 

consortia relying on these two processes for energy production can only function within a certain 
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range of concentrations of the intermediate compound, unless production and consumption are 

spatially separated enough to allow for a sufficient concentration difference between regions of 

active AOM and SR. Based on free energy yields in a setting with diffusive exchange of 

intermediates between an ANME and a nearby SRB cell, SØRENSEN et al. (2001) suggested that 

hydrogen and acetate are not feasible intermediates at low (tens of μM) methane concentrations 

modeled, representative of shallow water environments. Arguing for lower in situ maintenance 

energy requirements of the consortia, STROUS AND JETTEN (2004) found that acetate is a 

thermodynamically favorable intermediate in settings with abundant methane (>10 mM, such as 

seep environments), while exchange of formate is thermodynamically feasible at lower methane 

concentrations.  

Here we re-evaluate thermodynamic and kinetic constraints on the function of an 

ANME/SRB consortia by modeling the potential intermediate exchange scenarios on the scale of 

the consortia. By explicitly resolving the spatial arrangement of the consortia, we (i) investigate 

the thermodynamic feasibility of a number of proposed intermediates, (ii) study the impact of 

aggregate size on the overall process energetics, (iii) compare the effect of different SRB to 

ANME ratios, (iv) assess the role of minimum energy requirements for the functioning of the 

consortia and (v) consider the potential for a pathway reversal of the archaea. These intrinsic 

microbial factors are discussed in the environmental contexts with and without a significant 

feedback from AOM. Finally, model results at the consortia scale are compared with available 

rate data. 

 

2. Model implementation 

2.1. Consortia arrangement 
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While a variety of spatial arrangements of the syntrophic partners has been described 

(KNITTEL et al., 2005; ORPHAN et al., 2001; ORPHAN et al., 2002), one of the predominant AOM-

mediating communities of ANME/SRB consortia are found in a spherical arrangement in which 

SRB form a shell around an inner core of archaea belonging to the ANME-2 cluster, spatially 

separating SR from AOM (Fig. 7.1). From a survey on “shell-type” consortia sizes, cell sizes, 

and ANME:SRB abundance ratios, which were determined via 16S rRNA-based fluorescence in 

situ hybridization methods (BOETIUS et al., 2000; KNITTEL et al., 2003; KNITTEL et al., 2005; 

NAUHAUS et al., 2006; ORPHAN et al., 2001), a few trends emerged (Table 7.2).  First, ANME-2 

and SRB cells identified in these consortia tend to be 0.5 and 0.4 μm in diameter, respectively. 

Second, the ratio of the radius of the zone of ANME to the entire aggregate remains close to 

0.73. Dividing the shell volumes by the respective average cell volumes leads to 3 SRB cells for 

every 1 ANME cell. In the model, the aggregate is placed into an environment of radius renv set 

to at least twice the aggregate radius (Fig. 7.1).  

 

2.2. Governing equations 

The concentration of any chemical species (Ci) is subject to diffusion within the free fluid 

fraction of the consortia and production/consumption reactions: 

∂C
∂t

= ∇ ⋅ D∇C( )+ R        (Eq. 2) 

where t is time, D is the in-situ diffusion coefficient, and R equals the net of production and 

consumption terms of species i, representing methane (CH4), dissolved inorganic carbon, sulfide, 

sulfate (SO4
2-) and the exchangeable species, (i.e. H2, formate or acetate). pH is assumed 

constant at 8, and all sulfide and dissolved inorganic carbon was assumed to be in the form of 

HS- and HCO3
-. The domain is represented by a quadrant of a sphere cross-section rotating about 
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a vertical axis and mirrored horizontally. The model is, implemented in the finite element 

simulation environment COMSOL® and solved at steady state using a direct solver 

(UMFPACK).  

At the outer edge of the model domain, an “environmental” concentration is imposed for 

all species. In simulations in which the consortium is considered the main source for the 

exchangeable species, a no gradient condition for the exchangeable species is imposed at the 

outer domain boundary.  

Diffusion coefficients in aqueous solution (Daq) are obtained from literature values, 

assuming a temperature of 8oC (Table 7.3). Aggregates in situ are typically embedded in a thick 

organic matrix (KNITTEL et al., 2005; ORPHAN et al., 2001).  Estimating its effect on diffusion 

from experiments with EPS, the diffusion coefficient is reduced by a factor feps, set to 0.25 for 

organic ions and to 0.6 for inorganic ions and gases (STEWART, 2003). Taking into account 

tortuosity (θ2), the in situ diffusion coefficient is defined as: 

D = fepsDaq θ 2          (Eq. 3) 

where θ2 is set to 2.5. Assuming densest spherical packing of spherical cells with a free volume 

fraction of 26% (MARTIN et al., 1997), comparison to tortuosity datasets (BOUDREAU, 1997) 

suggests this may result in an overestimate of the effective diffusion coefficient, but leads to 

values of effective diffusion coefficients at the lower end of the range determined experimentally 

in microbial mats (WIELAND et al., 2001).  

 

2.3. Reactions and Rate Laws 

The reactions in AOM and SR zone can be generalized as follows: 

CH4  EX + HCO3
-        (Eq. 4) 
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SO4
2- + EX  HS-             (Eq. 5) 

where EX represents the intermediate species which acts as the electron carrier between AOM 

and SR (Table 7.1). AOM occurs exclusively within the inner sphere of ANME in the aggregate 

while SR is restricted to the outer shell of the aggregate.  The rate laws contain both kinetic and 

thermodynamic factors and a Monod-type dependence on the substrates of each reaction:  

RAOM  = kAOM * BANME* [CH4]/(KmCH4+[CH4]) * FTAOM    (Eq. 6) 

RSR = kSR * BSRB * [EX]/(KmEX+[EX]) * [SO4
2-]/(KmSO4+[SO4

2-]) * FTSRI (Eq. 7) 

In the above equations, RAOM and RSR are the AOM and SR rates (in units of nmol cm-3 d-1), 

respectively; kAOM and kSR the cell specific rate constants of AOM and SR, respectively (nmol 

cell-1 d-1); BANME and BSRB the cell densities of ANME in the inner core and SRB within the 

outer shell of the consortium (cells cm-3), respectively; [Ci] represents the concentration of 

species i; KmCH4, KmEX and KmSO4 the Monod rate constants for methane, the exchangeable 

species and sulfate, respectively; and FTAOM and FTSRI the “thermodynamic potential” factor for 

AOM and SR, respectively (JIN and BETHKE, 2003).  Baseline values of various parameters are 

presented in Table 7.4.  All cells are assumed to have the same turnover potential such that kAOM 

and kSR are population specific constants.   

The thermodynamic potential factors (FTX ,where X represents either AOM or SR) reflect 

that there must be sufficient free energy available from the reactions to fuel ATP synthesis and 

cell maintenance. For instance, if the concentration of the intermediate species would make 

AOM energetically unfavorable, regardless of the availability of methane for consumption, 

methane oxidation is assumed not to take place. FTX is defined as: 

FTX =max(0,1− exp fX χRT( )( )      (Eq. 8) 
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where χ, the number of ATP synthesized per reaction, equals 1, R is the universal gas constant 

(8.314 J K-1 mol-1) and T is the absolute temperature (281.15 K). fX represents the 

thermodynamic driving force for reaction X, relating the free energy yield of reaction X to the 

energy required to synthesize ATP (JIN and BETHKE, 2003) and is determined as: 

fX = -ΔGX - mΔGATP        (Eq. 9) 

Here, ΔGX is the free energy yield of reaction X under in situ conditions, i.e.  

ΔGX = ΔGX
0 + RT ln ai

vi∏( )       (Eq. 10). 

ΔGo
X is the standard free energy yield of reaction X, determined from the free energy of 

formation of the species involved in the reactions (Table 7.3), ai represents the activity of species 

i, computed based on the activity coefficients given in Table 7.3, and vi are the stoichiometric 

coefficients.  m in Eq. 9 is the number of ATP synthesized per electron transferred. Explicit 

measurements of m for AOM do not exist, as no pure cultures of AOM-mediating 

microorganisms can be manipulated for such as study.  Available genomic data indicate that 

AOM may occur via a reversal of the enzymatic process of methanogenesis (HALLAM et al., 

2003; HALLAM et al., 2004; KRÜGER et al., 2003), thus we estimate m based on available data 

from methanogenic archaea, presented by DUPPENMEIER (2002).  In methanogenesis, the final 

enzymatic step catalyzed by methyl coenzyme A reductase creates a heterodisulfide of 

coenzymes B and S.  The cleavage of this heterodisulfide by oxidoreductases fuels electron 

transport in the cell, which is accompanied by proton translocation (4 H+/2 e-) and drives ATP 

synthesis.  Thus, there is 1 ATP synthesized per 2 electrons transported, and m = ½.  ΔGATP in 

equation 9 represents the threshold energy limit for growth, which is often assumed to be the 

energy required to synthesize ATP. Assuming ~60 kJ/mol ATP to form ATP from ADP and 

phosphate and that three protons are translocated per ATP produced (SCHINK, 1997; THAUER et 
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al., 1977), this energetic limit is on the order of 20 kJ/mol H+, though it has been shown 

experimentally that some methanogens can survive with a free energy yield of 12-16 kJ/mol H+ 

(JACKSON and MCINERNEY, 2002).   Even lower threshold energy limits of 4 kJ/mol H+ have 

been proposed (as reviewed in (DALE et al., 2006)).  In our model, a range of mΔGATP values 

from 0-20 kJ/mol H+ is considered. Note that Eq. 8 restricts the value of FTX to the range 

between 0 and 1 and hence does not allow for a back reaction. 

 

3. Results and Discussion 

To quantify thermodynamic and kinetic influences on the rates of AOM performed by the 

ANME/SRB shell-type consortia, model simulations were conducted in which poorly 

constrained parameter values were varied systematically.  Unless indicated otherwise, hydrogen 

is considered as the exchangeable species, as the high stoichiometric dependence of the rates of 

AOM and SR on hydrogen (Table 7.1) may promote significant concentration gradients at the 

consortia scale.  To facilitate comparison of model results for different parameterizations, 

volume averages for the inner ANME core or the outer SRB shell are presented.  Simulations 

that result in conditions with drastic changes at or below the scale of individual cell sizes, e.g. 

complete thermodynamic inhibition of AOM within one cell diameter distance from the zone of 

SR, are not included in the analysis. As our simulations consistently indicated much stronger 

thermodynamic challenges for the ANME compared to the SRB, the presentation of the results 

highlights the sensitivity of FTAOM towards poorly constrained process parameters. 

 

3.1. Substrate affinity  
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In the absence of experimental data on the nature of and kinetic properties related to the 

intermediate species, the impact of substrate affinity on AOM rates and thermodynamic 

limitations are investigated over a range of characteristic values: measured hydrogen 

concentrations in or around the zone of AOM typically range from 0.1- 1 nM (FINKE, 2003; 

HOEHLER et al., 1994; HOEHLER et al., 1998), and in a recent model to describe AOM in coastal 

marine sediments, DALE et al. (2006) estimated a half saturation constant KmH2 of 10 nM and 

identified this as a parameter that significantly impacted RAOM.  

Performing simulations for a 25 μm outer diameter (OD) consortia under no gradient 

conditions, a high Km value for hydrogen such as that used by DALE et al. (2006) leads to H2 

concentrations that preclude ATP production unless kSR is 10x higher than kAOM (Fig. 7.2).  

Additionally, at this Km, only when kAOM is 10-10 nmol cell-1 d-1 or lower can the average FTAOM 

approach unity.  Average FTAOM does not approach unity until the average hydrogen 

concentration is less than 1 nM.  It should be noted that in these simulations with the Km = 10 

nM and at low ratios of kSR/kAOM, the outer edge of the ANME sphere still maintains a high 

FTAOM even though the majority of the sphere has an FTAOM close or equal to zero, suggesting 

shutdown of AOM.  As the limits on hydrogen consumption for the SRB decrease (i.e. lower 

Km), the FTAOM increases towards 1 for all combinations of kAOM and kSR.   

 

3.2. Aggregate size and distribution 

For a given set of parameters, FTAOM is closer to unity in the smaller consortia than in the 

larger ones (Fig. 7.3).  For example, under conditions of no flux of hydrogen at the 

environmental boundary when both kAOM and kSR equal 10-9 nmol cell-1 d-1, and the KmH2 is 1 

nM, FTAOM is unity for the 4 μm consortia, ~0.6 for the 12 μm consortia, and ~0.4 for the 25 μm 
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consortia (Fig. 7.3).  Additionally, at these k-values, FTAOM is homogenous in the smaller 

consortia, while in the larger ones FTAOM is only above zero in a very narrow band next to the 

contact with the SRB shell (not shown).  Despite the small spatial scales, as the consortia grows 

larger in size, hydrogen cannot diffuse out of the inner core fast enough or that some of the areas 

of production are too far away from the SRB to be consumed.  This leads to a build up of 

hydrogen that shuts AOM down in the most of the ANME core for settings with lower exchange 

area to ANME volume ratios.   

For typical aggregate density of 107 per cm3, aggregates are likely >10 μm apart. Over 

the range of expected distances to the environmental boundary, however, there is little difference 

in the trend in FT, even when imposing high hydrogen concentrations - assumed to be maintained 

by processes external to the aggregates - at the outer domain boundary (Fig. 7.4). Even when 

imposing smaller aggregate distances, on the order of 1 μm, FTAOM is only slightly diminished 

(data not shown), indicating that the distribution of aggregates in otherwise homogeneous 

sediments does not influence our findings. 

 

3.3. Sensitivity towards transport parameters and speciation 

The impact of the organic matrix on diffusion transport is poorly known, and removing 

the impact of EPS on diffusion lessened thermodynamic limitation (i.e. higher FTAOM without 

EPS; not shown).  However, even for organic ions with a low value of feps, the magnitude of the 

change was not large enough to significantly modify the overall trend of thermodynamic 

limitation preventing a rate of AOM that matches expected values (see below). As kAOM values 

increase, the exchangeable species production exceeds the speed at which it can diffuse to the SR 

zone for removal, thus leading to a situation where no free energy is available for AOM.   
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Additionally, regulation of solution pH may cause deviations from the assumed constant 

pH and affect the speciation of chemical species.  At a pH of 8, bicarbonate and hydrogen sulfide 

are the dominant forms of dissolved organic carbon (DIC) and sulfide. As the in situ pH is not 

known, simulations were performed for pH ranging from 3 to 11, considering both the impact on 

hydrogen ion concentrations and speciation of DIC and sulfide on free energy. Taking into 

account the different species constituting of DIC and total sulfide had its largest impact on 

reaction energies at high pH values (i.e. higher FTAOM when pH > 10) although the magnitude of 

the change was slight (<10%; data not shown).  Furthermore, the limited set of chemical species 

considered in the model may also lead to an overestimate of free metabolites. To obtain an 

estimate of this effect, speciation calculations considering acetate and formate in seawater were 

performed, indicating free acetate and formate to be >70% of the total concentrations. 

Furthermore, an order-of-magnitude reduction of the free intermediate concentrations in the 

calculation of ΔG did lead to a similar overall trend in FTAOM for each of the exchangeable 

species, even though complexation slightly lessened the thermodynamic limitation (not shown). 

 

3.4. Can ANME “switch” metabolic modes to produce methane for energy generation? 

Experimental evidence suggests that some ANME might perform methanogenesis under 

in situ conditions, although at a lower relative rate than that of AOM (ORCUTT et al., 2005; 

TREUDE et al., In press). To test whether environmental conditions and consortia dynamics may 

induce oscillatory modes of metabolism or whether the radiotracer data more likely reflects a 

spurious back reaction, the model was modified to allow the ANME to “switch” metabolic 

modes from methanotrophy to methanogenesis based on their local environment.  In the absence 

of experimental data it is for simplicity assumed that the rate of methanogenesis proceeds at an 
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intrinsic rate comparable to the one of methanotrophy and is also subject to thermodynamic 

constraints:  

RMG = kAOM BANMEFTMG        (Eq. 11) 

where FTMG is defined by Eq. 8 with fX = -fAOM. 

Under no gradient conditions at the domain boundary, the hydrogen concentration within 

the consortia never reaches a high enough steady state value to make methanogenesis favorable, 

regardless of size in the entire range considered (3 μm < ragg < 25 μm; not shown).  At high 

values of kAOM, AOM is basically shut down because of hydrogen production, but H2 

concentrations never build up enough to cause a switch to methanogenesis. 

In contrast, when environmental concentrations of hydrogen are imposed, hydrogen 

concentration in the AOM zone can reach values sufficiently high for reverse methanotrophy to 

become energetically feasible (Fig. 7.5). However, at environmental hydrogen concentrations 

typical of AOM zones (0.1-1 nM), methanogenesis is not favorable; conditions are favorable for 

AOM, although once kAOM reaches 10-7 nmol/cell/d, the zone of activity (i.e where FTAOM>0) is 

smaller than the diameter of an ANME cell and is therefore considered unrealistic. When the 

outside hydrogen concentration is 10 nM, a value more typical for deeper methanogenic 

sedimentary zones or possible in highly reduced fluids, the steady state hydrogen concentration 

within the consortia is high enough to permit methanogenesis.  When the kAOM is 10-9 

nmol/cell/d, methanogenesis is favorable for kSR ≤ kAOM (FT < 0; Fig. 7.5) while for kSR ~ 1-10x 

kAOM, hydrogen concentrations in the inner core neither favor AOM nor MOG; once kSR exceeds 

10x kAOM, hydrogen concentrations are brought down to levels that make AOM favorable.  A 

similar trend is observed when kAOM = 10-8 nmol/cell/d, although AOM becomes favorable for 

kSR only 2x greater than kAOM. Additionally, FT approaches unity when kSR is 10x kAOM when 
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kAOM equals 10-8 nmol/cell/d; for the 10-9 nmol/cell/d conditions, an FT of unity is not reached 

until kSR is 100x kAOM (not shown). At higher kAOM values, the zone of activity becomes smaller 

than the diameter of an ANME cell. Note that at no instance is methanogenesis and 

methanotrophy observed simultaneously within the ANME core.  

 

3.5. What is the exchangeable species ? 

The concentration of acetate in systems with AOM varies over a wide range from 100’s 

of nM to 100’s of μM. When considering acetate as an intermediate species under no gradient 

conditions, the concentration of acetate does not build up enough within the aggregate to make 

MOG favorable (Fig. 7.6). At a kAOM of 10-8 nmol cell-1 d-1, AOM is barely favorable for the 

larger aggregate and moderately favorable for the smaller aggregate. When imposing the 

environmental acetate concentration at domain boundary, AOM is energetically not favorable, 

except at concentrations lower than one might expect to find in situ (i.e. 10 nM), where AOM is 

slightly favorable, but never reaches an FTAOM of 1 under the conditions tested.  Additionally, 

when the kAOM value exceeds 10-8 nmol cell-1 d-1, AOM gets restricted to a zone immediately 

adjacent to the SRB only.  Considering the production of both acetate and hydrogen (0.5 and 2 

per methane consumed, Table 7.1) by the ANME in the inner core, both of which are consumed 

in the SRB shell (VALENTINE and REEBURGH, 2000), yielded similar results. 

Another potential candidate for the exchangeable species in the AOM/SR syntrophy is 

formate.  As for hydrogen and acetate, under no gradient conditions for formate at the 

environmental boundary, the concentration of formate never builds up enough within the 

consortia to allow MOG to be favorable. The FTAOM (and thus RAOM) patterns of formate and 
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acetate are highly similar under the no gradient and forced conditions tested, which is likely a 

reflection of the similarities in transport properties.  

Previous examinations of the syntrophic AOM/SR consortia indicate that methane 

availability may determine which compounds can be feasible electron shuttles (SØRENSEN et al., 

2001; STROUS and JETTEN, 2004).  At lower methane concentrations (1 mM) the model predicts 

lower FTAOM lead to higher thermodynamic limitation of AOM; however, the overall trend was 

similar and the FT values did not vary substantially when using the lower methane concentration 

(not shown). 

 

3.6. Comparison to rate measurements 

Model simulations are compared to a data set measured in ANME-2/SRB consortia 

enriched from Hydrate Ridge (NAUHAUS et al., 2006).  In this experiment, a near ten-fold 

increase in AOM-mediating community abundance corresponded to a ~ten-fold increase in the 

rate of activity; at the end of the experiment the rate of activity in the enrichment was measured 

at approximately 2.5 x 105 nmol (gram wet sediment, gws)-1 d-1. To compare model simulations 

with experimental values, the methane consumption for a given size aggregate is multiplied by 

the number of aggregates in that size class in 1 gram of sediment at the end of the experiment 

(Table 7.5). This approach takes into account the potential for reduced AOM rates in the center 

of larger aggregate and considers the relative contribution of that size aggregate to the total rate.  

For example, a rate of AOM calculated for a 25 μm OD consortium is multiplied by the density 

of this size class of aggregates (4.4 x 108 aggregates gram dry weight-1, Table 7.5) and assuming 

that this aggregate size class contributes ~70% of the total rate, with the remaining 30% being 

contributed by other size classes.   
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The highest kAOM value that leads to a positive FTAOM in a zone wider than a cell diameter 

is on the order of 10-8 nmol/cell/d, in both the small and large aggregate (Figs. 3, 6).  This value 

is roughly an order of magnitude smaller than the value estimated from experimental 

measurements assuming abundant substrate and no thermodynamic limitation (Table 7.4). The 

modeled rate of activity is therefore lower than what was measured in the experiment: Even if all 

ANME behaved like those in the 3 μm OD consortia, the highest possible rate was ~20x lower 

than what was measured; if all ANME behaved like those in the 25 μm OD consortia, the highest 

possible rate was ~200x lower than the measured value.  Note that these simulations were run at 

a low energy threshold stringency of mΔGATP equaling 4 kJ/mol.  If a higher energy threshold 

were used (i.e. mΔGATP of 20 kJ/mol), AOM would be even less favorable.  

 

4. Conclusions  

Model simulations indicate that all investigated compounds have the potential to sustain a 

syntrophic AOM/SR relationship. However, neither hydrogen nor acetate nor formate can be 

exchanged between the ANME and SRB at a high enough rate to achieve rates that resemble 

measured bulk values., because increasing rate constants causes the exchangeable species builds 

up in the inner core faster than it can be removed by diffusion and consumption by the SRB. 

Thus, thermodynamic limitations set in and prevent high rates of AOM.  Examining the impact 

of poorly constrained parameters, including transport coefficients, the effect of chemical 

speciation, methane concentration and pH revealed that these parameters affect the 

thermodynamic constraints of AOM, though not to a large enough degree to substantially change 

this finding.  
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A number of factors may cause this observed discrepancy between model estimates and 

measured rates, including intrinsic variations in cell specific rates across consortia sizes, 

substantial modification of the local chemical environment through active cross-membrane 

transport (e.g. proton pumps), or that hydrogen, acetate or formate are not the intermediate 

species. Alternatively, a more complex geometry than the one considered may facilitate contact 

between the syntrophic partners, or other physiological adaptations, including a network of 

nanowire-like structures (REGUERA et al., 2006), that allows for a more efficient exchange 

between ANME and SRBs may alleviate the identified thermodynamic constraints.  
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Table 7.1. Potential coupled reactions of AOM and SR discussed elsewhere in the literature, 
(SØRENSEN et al., 2001; VALENTINE and REEBURGH, 2000) and the corresponding standard free 
energy yield of the reactions, estimated using data from (STUMM and MORGAN, 1981). 
 
Reaction couples      ΔGo (kJ/mol) 
Hydrogen transfer      
CH4 + 3H2O  HCO3

- + H+ + 4H2     229.1  
SO4

2- + 4H2 + H+  HS- + 4H2O    -262.0 
 
Acetate transfer 
CH4 + HCO3

-   CH3COO- + H2O       14.8 
SO4

2- + CH3COO-  2HCO3
- + HS-    -  47.7 

 
Formate transfer 
CH4 + 3HCO3

-  4HCOO- + H+ + H2O    154.0 
SO4

2- + 4HCOO- + H+  4HCO3
- + HS-   -186.9 

 
Hydrogen and Acetate transfer 
2CH4 + 2H2O   CH3COO- + 4H2 + H+    243.9 
4H2 + SO4

2- + H+  HS- + 4H2O    -262.0 
CH3COO- + SO4

2-  HS- + 2HCO3
-    -  47.7 
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Table 7.2. Survey of available data on AOM/SR-mediating consortia sizes, cell sizes, and cell 
ratios.  

Reference 

consortia 
size, 

diameter 

inner 
core 

diameter 

outer 
shell 
width 

 (μm) (μm) 

layers of 
SRB in 
outer 
shell (μm) 

# ANME 
cells in 

aggregate 

# SRB 
cells in 

aggregate 
SRB:ANME 

ratio 
(NAUHAUS et al., 2006) 3 2.2 1 0.4 63 189 3 
(NAUHAUS et al., 2006) 6 4.4 2 0.8 504 1513 3 
(NAUHAUS et al., 2006) 12 8.8 4 1.6 4034 12100 3 
(NAUHAUS et al., 2006) 18 13.2 6 2.4 13616 40839 3 
(NAUHAUS et al., 2006) 25 18.6 8 3.2 38094 106261 3 
(KNITTEL et al., 2005) 7.6 5.6 2.5 1 1040 3045 2.9 
(BOETIUS et al., 2000) 3.2 2.3 ~1 0.45 72 238 3.3 
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Table 7.3.  Properties of compounds considered in the model.   

Compound 
Daq at 
8oCa 

ΔG 
formationb 

Activity 
coefficientsc 

Boundary 
valued 

Units: [cm2 d-1] [kJ/mol] unitless [mM] 
hydrogen (H2) 1.217 17.55 1 10-7 – 10-5 

bicarbonate (HCO3
-) 0.326 -586.9 0.642 2 

methane (CH4) 0.462 -34.4 1 19 
hydrogen sulfide (HS-) 0.478 12.1 0.604 1 
formate (HCOO-) 0.420 -351 0.604 10-6 – 10-4 
acetate (CH3COO-) 0.329 -369.4 0.642 10-5 – 10-3 
sulfate (SO4

2-) 0.296 -744.6 0.152 20 
a diffusion coefficients from (BOUDREAU, 1997) 
b Free energy of formation values from (STUMM and MORGAN, 1981). Gf

0 of H+ and H2O are 0 
and -237.1 kJ/mol, respectively. 

c Activity coefficients (γ) calculated as log γi = (-0.51*zi
2*√ (μi)) / (1 + (αi*(√(μi)/305))), where 

zi represents the charge of species i, μi represents the ionic strength of solution (set to seawater, 
0.72), and αi represents the ionic size of the species i (MILLERO and PIERROT, 1998). 

d applicable in imposed concentration simulations; concentrations derived from growth 
experiments (NAUHAUS et al., 2006). 
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Table 7.4. Model parameters 
Parameter Description Values Units 
KmCH4 Half-saturation constant for methane in AOM  1 mM 
KmEX Half-saturation constant for exchangeable species in SR  10-7 to 10-3 mM 
KmSO4 Half-saturation constant for sulfate in SR for SRB 1 mM 
RAOM Rate of AOM  Eq. 6 nmol cm-3 d-1 
RSR Rate of SR  Eq. 7 nmol cm-3 d-1 

RAOMsed Rate of AOM in sediment calculated (see text) nmol gws-1 d-1 

RSRsed Rate of SR in sediment calculated (see text) nmol gws-1 d-1 
kAOM Per cell turnover rate of methane by ANME varieda nmol cell-1 d-1 

kSR Per cell turnover rate of sulfate by SRB varieda nmol cell-1 d-1 
BANME Cell density of ANME in inner core of consortiab 1.1 x 1016 cells l-1 

BSRB Cell density of SRB in outer shell of consortiab 2.2 x 1016 cells l-1 
FTAOM Thermodynamic factor of AOM 0 to 1 unitless 
FTSRI Thermodynamic factor of SR 0 to 1 Unitless 
mΔGATP Minimum energy threshold  4-22 kJ mol-1 

a An estimate for rate constants was obtained from data in NAUHAUS et al. (2006), assuming no 
substrate or thermodynamic limitations; cell specific rate in this experiment result in kAOM ~ 
10-7 – 10-6 nmol d-1 cell-1 and are comparable to estimates from other data sets (10-10 to 10-5; 
(GIRGUIS et al., 2005; GIRGUIS et al., 2003; KNITTEL et al., 2005; NAUHAUS et al., 2002b; 
ORCUTT et al., 2005). 

b The number of cells within an aggregate was obtained by dividing the volume of the inner core 
and the outer shell by an estimate of the respective cell volumes and assuming densest even 
packing (NAUHAUS et al., 2006), which resulted in 11.1 cells μm-3 in the inner core and 22.2 
cells μm-3 in the outer shell, respectively (BANME and BSRB). 
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Table 7.5. Consortia size and abundance measured in ANME/SRB aggregates (agg.) enriched 
from Hydrate Ridge sediment at the beginning (Beg.) and end of the experiment (NAUHAUS et 
al., 2006).  

μm OD 
# ANME 

agg.-1 agg.*106 gws-1 % ags cells gws-1 % cells 
  Beg. End Beg. End Beg. End Beg. End 
3 63 40.6 436.9 75 76 2.56 x 109 2.75 x 1010 3 2 
6 504 8.22 57.7 15 10 4.15 x 109 2.91 x 1010 5 2 
12 4034 2.98 32.9 5 6 1.20 x 1010 1.33 x 1011 13 9 
18 13615 1.21 18.1 2 3 1.65 x 1010 2.46 x 1011 18 17 
25 38094 1.47 25.9 3 5 5.60 x 1010 9.87 x 1011 61 69 
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Figure captions 

Figure 7.1. AOM and SR mediating consortia. ANME (red) and SRB (green) consortium from 

Eel River Basin methane-seep sediments surrounded in a layer of exopolymeric saccharide 

(yellow), modified from (ORPHAN et al., 2002).  The modeled geometrical arrangement is 

indicated by the white circles. The upper shaded quadrant denotes the model domain (with an 

inner aggregate radius r*, an outer radius of the aggregate r and an environmental radius renv), 

employing axial symmetry around the vertical axis, mirrored on the horizontal midsection plane 

denoted by the dotted horizontal line. 

 

Figure 7.2. Values of FTAOM in a 25 μm OD aggregate for various combinations of kAOM and kSR 

(units of nmol cell-1 d-1) when KmH2 equals 10 nM or 0.1 nM. 

 

Figure 7.3. Values of FTAOM for various combinations of kAOM and kSR when KmH2 equals 1 nM 

and the size of the consortia is 4, 12 or 25 μm OD. 

 

Figure 7.4. Values of FTAOM for a 3 μm OD consortia when KmH2 for SRB is 0.1 nM, H2 equals 

10 nM at the environmental boundary placed at renv = 2 or 10 μm.  The contour surfaces are 

highly similar; thus, the surface for the 10 μm condition is transparent and overlain on the 2 μm 

condition and the arrows distinguish the difference between the two. 

 

Figure 7.5. Values of FT for a 3 μm OD consortia when KmH2 for SRB is 0.1 nM and the 

environmental concentration of hydrogen is forced to be 0.1, 1 or 10 nM, respectively. FT varies 

between -1 and 0 when ΔGmethanogenesis (= -ΔGAOM) is more negative than the minimum energy 
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quantum required for ATP production and methanogenesis becomes active. In an intermediate 

range, both forward and backward reaction are not feasible and the archaea are considered 

inactive (FTMG = FTAOM = 0), while at more negative ΔGAOM, methane gets oxidized, indicated by 

FT ranging from 0 to 1 (Eq. 8). 

 

Figure 7.6. Values of FTAOM for a 25 μm OD aggregate (left) and a 3 μm OD aggregate (right) 

under no gradient conditions when KmAc = 1, 10 or 100 nM. 
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CHAPTER 8 

 

CONCLUSIONS 

This dissertation began by exploring the intrigues of microbially-mediated methane 

cycling in anaerobic marine environments.  After demonstrating the global importance of the 

anaerobic oxidation of methane (AOM) as a process that largely prevents the release of 

sedimentary methane, a greenhouse gas, to the hydrosphere and atmosphere, the current state of 

knowledge and theories on the microbial biogeochemistry and molecular ecology of AOM and 

associated processes were defined.  Inspired by the insights brought to AOM research by 

application of methods from the molecular ecological tool-kit, I sought to investigate AOM-

mediating communities found in two uncharacterized methane-rich systems – the Gulf of Mexico 

and the deep biosphere of Hydrate Ridge – using a multidisciplinary approach that combined 

biogeochemical, molecular ecological (DNA- and lipid-based), and modeling techniques.   

To determine how the microbial methane filter operated in these systems, I set out to 

assertain how AOM was coupled to other biogeochemical processes and which factors 

influenced the diversity and distribution of AOM-mediating microbes.  Through these endeavors, 

my colleagues and I confirmed that the ANME-1 and -2 clades of methanotrophic archaea are 

responsible for AOM in surficial sediments in the Gulf of Mexico (Chapters 2, 3, & 4) and were 

the first to demonstrate that the ANMEs are also involved in the production of methane, although 

at a fraction of the rate of AOM (Chapters 2, 3 & 4).  Our work was the first to directly 

document microbial activity within gas hydrate material collected from the Gulf of Mexico, 
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which suggests that microbial activity may impact the biogeochemical cycling of methane within 

the unique gas hydrate niche (Chapter 5).  Active populations of both Bacteria and Archaea were 

observed in a methane-rich deep biosphere environment (Chapter 6), in contrast to previous 

studies which suggest that one or the other domain is dominant.  In methane-rich areas of the 

deep subsurface, ANME were detected for the first time in an area where sulfate levels were 

elevated, although AOM may be limited in the deep biosphere by the availability of sulfate 

coupled with slow growth rates.  Crenarchaeota likely play an important role in methane cycling 

elsewhere in the deep subsurface although it does not appear that they incorporate methane-

derived carbon into biomass (Chapter 6).  Unlike at other cold seeps which have been studied to 

date, sulfate reduction (SR) in Gulf of Mexico surficial sediments is often uncoupled from AOM 

and is also fueled by other endogenous hydrocarbons and petroleum derivatives (Chapters 2, 3, 

& 4); the identity of the microorganisms which mediate sulfate-dependent hydrocarbon oxidation 

in situ is unclear but likely includes members of the seep-endemic Deltaproteobacteria sulfate 

reducing bacterial clades (Chapter 3).  Modeling approaches to determine the potential 

intermediate compound exchanged within consortia of ANME and SRB to sustain AOM and SR 

revealed that hydrogen, acetate and formate cannot sustain rates of activity that match measured 

values due to diffusion-limited removal of the intermediate compound (Chapter 7).    

These investigations also highlight future avenues of exploration in AOM research.  

Although the involvement of ANME communities in methane production activity was repeatedly 

observed, the mechanism of this occurrence is unclear.  By exploiting the recently available 

environmental genomic libraries from anaerobic methane oxidizing communities, gene products 

which are potentially involved in the AOM reaction or closely related to known methanogenic 

pathways could be experimentally tested for methanotrophic or methanogenic activity.  
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Similarly, biochemical pathways related to the production or consumption of the still unknown 

intermediate of AOM might be elucidated by coupling enrichment experiments with functional 

gene or protein expression.  Detection of microbial activity within methane hydrate offers 

intriguing speculation that successful ecological strategies for living in ice may be possible in 

other icy locations such as permafrost or perhaps on other planets.  Future research with gas 

hydrate using in vitro pressure experiments is needed to evaluate the range and dynamics of 

microbial activity.  Our detection of anaerobic methanotrophic archaea in the deep biosphere of 

Hydrate Ridge in similar settings where other researchers did not find them highlights the 

methodological-related difficulties in understanding microbial distribution and activity in the 

deep marine subsurface, the largest habitat for microbial life on Earth, a supports the need for 

developing robust methods among the deep biosphere research community. These investigations 

will provide deeper understanding of the mechanistic foundation of AOM, a globally significant 

sink for the greenhouse gas methane.   
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