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Introduction: Nitrogen-fixing microorganisms, free-
living and in symbiotic relationships, play an instru-
mental role in the global nitrogen cycle and can regu-
late overall productivity in diverse marine and terres-
trial ecosystems. The recent discovery of new phylo-
genetic and physiological diversity of extremophilic 
microorganisms capable of nitrogen fixation, including 
hyperthermophilic methanogens from hydrothermal 
vents, has expanded the range of known habitats where 
nitrogen fixation may occur [1]. These extreme envi-
ronments and other localized habitats of enhanced pro-
ductivity in the deep-sea could represent underappreci-
ated sources of fixed nitrogen [2]. Here we discuss 
recent evidence of nitrogen-fixation in deep-sea meth-
ane seeps that is mediated by uncultured methane-
oxidizing Archaea (ANME) in syntrophic cooperation 
with sulfate-reducing bacteria [3]. 
  
Divergent archaeal nitrogenases: Metagenomic data 
from deep-sea methane seeps in the Eel River Basin, 
CA recovered diverse sequences related to genes in the 
nitrogen fixation pathway (nif genes), suggesting the 
presence of diazotrophic microorganisms [4]. Follow-
up PCR surveys of nifH and nifD from the Eel River as 
well as other methane seep sites, revealed widespread 
distribution of a unique clade of nitrogenase sequences 
that appear to be specific to the seep environment [3, 5, 
6].  The structure of this nitrogenase operon, nifH, 
nifI1, nifI2, nifD, nifK is consistent with archaeal nitro-
genases, however the divergence of this clade pre-
cludes assignment to either the archaea or bacteria [7, 
8]. 
 
Direct assessment of N2 fixation by ANME-2 ar-
chaea by FISH-nanoSIMS: To test for the capability 
to fix nitrogen by the methane-oxidizing ANME-2 
archaea, we conducted microcosm experiments using 
methane seep sediment amended with 15N-labeled iso-
tope tracers.  Fluorescence in situ hybridization com-
bined with nanometer secondary ion mass spectrome-
try (FISH-nanoSIMS), was used to directly determine 
the assimilation of 15N2 by phylogenetically identified 
consortia of ANME-2 and sulfate-reducing bacteria 
from the incubation experiments. The single-cell reso-
lution afforded by nanoSIMS enabled the documenta-
tion of localized N2 fixation within the ANME cells 
and apparent sharing of fixed nitrogen with their 
closely associated symbiotic bacterial partner [3]. Ni-
trogen from the triple-bonded molecule cyanide 
(13C15N) was also actively assimilated, suggesting that 

the substrate specificity of this potentially novel nitro-
genase may broad. Control experiments indicate that 
diazotrophic growth requires both partners’ active me-
tabolism, respectively methane-oxidation and sulfate-
reduction. The demonstrated capability for N2 fixation 
by uncultured anaerobic methane-oxidizing archaea, 
indicates previously unknown links between the car-
bon, nitrogen, and sulfur cycles within these globally 
important microbial consortia.  Rates of methanotro-
phy were comparable under nitrogen-replete and N-
limited conditions, however growth was reduced under 
conditions of N2 fixation, likely in compensation for 
the energetic burden of diazotrophy. Nitrogen fixation 
by this energy-limited archaeal-bacterial symbiosis 
extends the demonstrated lower limits of respiratory 
energy conservation capable of fueling this ATP-
intensive anabolic process. 
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