
79.  Jordens, I., Marsman, M., Kuijl, C. & Neefjes, J. Rab 
proteins, connecting transport and vesicle fusion. 
Traffic 6, 1070–1077 (2005).

80.  Christoforidis, S. et al. Phosphatidylinositol-3-OH 
kinases are Rab5 effectors. Nature Cell Biol. 1, 
249–252 (1999).

81.  Stenmark, H., Aasland, R. & Driscoll, P. C. The 
phosphatidylinositol 3-phosphate-binding FYVE finger. 
FEBS Lett. 513, 77–84 (2002).

82.  Hoepfner, S. et al. Modulation of receptor recycling 
and degradation by the endosomal kinesin KIF16B. 
Cell 121, 437–450 (2005).

83.  Jahn, R. & Scheller, R. H. SNAREs — engines for 
membrane fusion. Nature Rev. Mol. Cell Biol. 7, 
631–643 (2006).

84.  Wang, L., Merz, A. J., Collins, K. M. & Wickner, W. 
Hierarchy of protein assembly at the vertex ring 
domain for yeast vacuole docking and fusion. J. Cell 
Biol. 160, 365–374 (2003).

85.  Sato, T. K., Darsow, T. & Emr, S. D. Vam7p, a 
SNAP-25-like molecule, and Vam3p, a syntaxin 
homolog, function together in yeast vacuolar 
protein trafficking. Mol. Cell Biol. 18, 5308–5319 
(1998).

86.  Nielsen, E. et al. Rabenosyn-5, a novel Rab5 
effector, is complexed with hVPS45 and recruited to 
endosomes through a FYVE finger domain. J. Cell Biol. 
151, 601–612 (2000).

Acknowledgements
I am grateful to my research team, who are responsible for the 
rapid progress in understanding endocytosis and endosome 
motility in U. maydis. In addition, I wish to thank R. Kahmann 
for continuous support and K. Brune for improving the manu-
script. Our work is supported by the International Max Planck 
Research School and the Deutsche Forschungsgemeinschaft.

Competing interests statement
The author declares no competing financial interests.

DATABASES
The following terms in this article are linked online to:
Entrez Genome Project: http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db=genomeprj
Candida albicans | Coprinopsis cinerea | Histoplasma 
capsulatum | Saccharomyces cerevisiae | Ustilago maydis
UniProtKB: http://ca.expasy.org/sprot
Pra1 | Pra2 | Yup1

FURTHER INFORMATION
Gero Steinberg’s homepage: 
http://www.mpi-marburg.mpg.de/steinberg
Munich Information Centre for Protein Sequences: 
http://mips.gsf.de/genre/proj/ustilago
Access to this links box is available online.

The Archaea remain the most enigmatic of 
life’s three domains. Generally referred to as 
archaea (plural) or archaeon (singular), the 
representatives of this domain were first dis-
tinguished from bacteria based on differences 
in tRNA and rRNA, the cytoplasmic mem-
brane and cell-wall composition, together 
with their restriction to unusual habitats1. 
The first-characterized archaea thrived in 
conditions that were characterized by high 
salinity, high temperature and acidity, or 
strict anoxia — which led to the hypothesis 
that these organisms require extreme condi-
tions. Subsequent investigations revealed 

differences in archaeal transcription and 
translation apparatus that further distin-
guished the Archaea as a separate domain 
of life2. However, the unifying ecological 
perspective of the Archaea as extremophiles 
was largely abandoned with the discovery 
of archaea throughout the world’s oceans3,4. 
Surveys of phylogenetic diversity now show 
that archaea are abundant in a myriad of 
localities throughout the biosphere5. In this 
article, I consider the ecological commonal-
ities among diverse archaea and conclude 
that adaptation to chronic energy stress is the 
crucial factor that distinguishes the Archaea 

from the Bacteria. Moreover, I propose 
that the primary biochemical basis for this 
adaptation is membrane composition, with 
numerous secondary adaptations among the 
metabolic pathways. Based on this synthesis, 
I argue for the importance of chronic energy 
stress in archaeal evolution and raise funda-
mental questions regarding the ecology of 
life’s other domains.

Archaea are adapted to energetic stress
All organisms face some form of energetic 
stress. For the purpose of constructing this 
hypothesis, energetic stress is defined for the 
Archaea relative to life’s other domains. More 
specifically, two related boundary conditions 
are considered: maintenance energy (ME) 
and the biological energy quantum (BEQ). ME 
defines the minimum energetic flux from 
catabolism that is necessary to maintain cel-
lular activity and is distinct from the energy 
required for growth or for survival6–8. The 
BEQ defines the minimum catabolic energy 
yield that is required for conservation, typi-
cally involves a chemiosmotic potential and is 
an important aspect of ME among anaerobes. 
The inability to achieve ME leads to starva-
tion, whereas the inability to meet the BEQ 
leads to a decoupling of energy conservation 
from catabolism. More specifically, cells 
that are unable to achieve ME might sustain 
ATP synthesis, but at a rate insufficient to 
meet cellular demand; cells unable to achieve 
the BEQ might have an ample supply of 
substrate, but are unable to couple substrate 
to ATP synthesis due to unfavourable ther-
modynamic conditions. Both situations are 
lethal boundary conditions for survival. 
The energetic requirements of prokaryotes 
in nature have been reviewed recently, in 
terms of both ME and the BEQ6, and are 
summarized in FIG. 1.

Cultivated archaea can be divided into 
five broad physiological (halophiles, ther-
mophiles and acidophiles) or metabolic 
(nitrifiers and methanogens) groups. One 
additional metabolic group has now been 
defined based on ample environmental, 
laboratory and metagenomic analysis: the 
anaerobic methane oxidizers9–12. Numerous 
archaeal clades for which no physiological 
or biochemical function is known have also 
been identified in environmental samples 
based on the phylogenetic analysis of 16S 
rRNA genes. In this article, the physiology 
of, and energetic stresses experienced by, 
the six archaeal groups are reviewed and 
are compared with bacteria. The general 
capacity of archaea to dominate or out-
compete bacteria under conditions of 
chronic energy stress leads me to propose 
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Adaptations to energy stress 
dictate the ecology and 
evolution of the Archaea
David L. Valentine

Abstract | The three domains of life on Earth include the two prokaryotic groups, 
Archaea and Bacteria. The Archaea are distinguished from Bacteria based on 
phylogenetic and biochemical differences, but currently there is no unifying 
ecological principle to differentiate these groups. The ecology of the Archaea is 
reviewed here in terms of cellular bioenergetics. Adaptation to chronic energy 
stress is hypothesized to be the crucial factor that distinguishes the Archaea from 
Bacteria. The biochemical mechanisms that enable archaea to cope with chronic 
energy stress include low-permeability membranes and specific catabolic 
pathways. Based on the ecological unity and biochemical adaptations among 
archaea, I propose the hypothesis that chronic energy stress is the primary selective 
pressure governing the evolution of the Archaea.
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that adaptation to chronic energy stress is 
the primary factor differentiating archaeal 
and bacterial ecology.

Extreme halophiles. Extremely halophilic 
archaea thrive in environments with salt 
concentrations above 150–200 g l-1. Sodium 
is toxic at high intracellular levels due to 
electrochemical and osmotic interactions 
with nucleic acids and proteins, and halo-
philes face the chronic energetic challenge of 
preventing excess sodium from entering the 
cell. The abundance and diversity of archaea 
have consistently been shown to be greater 
than bacteria in environments that contain 
more than 20–25% salt13–15, although many 
bacterial halophiles have been described. 
Still, archaea clearly dominate over bacteria 
in the most saline conditions13.

Hyperthermophiles. Extremely thermophilic 
archaea are characterized by growth optima 
of 80oC or more, with a current record of 
growth at 121oC (REF. 16). These organisms 
survive at temperatures that are approaching 
the limit for the structural integrity of cells. 

Numerous energetic challenges for hyper-
thermophiles include increased membrane 
permeability17,18 and high rates of biochemi-
cal breakdown. A comparative analysis of the 
optimum growth temperatures for archaeal 
and bacterial species reveals a predominance 
of archaea at the upper extremes of tempera-
ture (FIG. 2) and is consistent with environ-
mental observations19,20. Competition with 
bacteria intensifies at lower temperatures, 
particularly in terrestrial environments 
where H2 and O2 both occur21.

Acidophiles. Acidophilic archaea can 
thrive in acidic environments (sometimes 
at pH values below zero) and often in 
acidic environments at elevated tempera-
tures (FIG. 2). Because the inside of the cell 
must be maintained at near neutral pH, 
these organisms must withstand proton 
gradients of up to 5 orders of magnitude22. 
Evidence from environmental samples 
and cultivation indicates that archaea 
are well-adapted to thrive at low pH, 
and are dominant in environments that 
are both hot and acidic23–25 (FIG. 2). As 

with hyperthermophiles, coexistence and 
competition with bacteria becomes more 
pronounced at lower temperatures23.

Nitrifiers. Ammonia-oxidizing archaea are 
now known to be abundant and important 
in the open ocean26,27 and might also be 
important in soils28. So far one relevant 
genome has been sequenced29 and one 
marine strain has been isolated and 
proposed as the type for a new genus and 
species: Candidatus Nitrosopumilus mariti-
mus30. The environments that these archaeal 
nitrifiers inhabit are surficial sediments 
that are likely to have low concentrations of 
O2, and the open ocean, in which ammonia 
concentrations are typically an order or more 
lower than in more replete environments; 
these organisms probably face chronic energy 
stress in the form of energy flux. Unlike the 
halophiles, hyperthermophiles and acido-
philes, these archaea are in direct competi-
tion with bacteria across a broad range of 
environmental conditions. Inference can be 
drawn from recent studies showing that these 
archaea out-compete bacteria in conditions 
of reduced energy supply, such as in unfer-
tilized forest soils, oligotrophic waters, and 
suboxic waste-water treatment plants26,28,30–33. 
Conversely, bacteria seem to gain a competi-
tive advantage in fertilized soils, eutrophied 
waters and fully aerated waste-water treat-
ment plants. I interpret the available results 
to indicate that, in comparison with bacteria, 
nitrifying archaea thrive in conditions of low 
energy availability.

Methanogens. Methanogens are a group 
of strictly anaerobic archaea that are char-
acterized by the unique ability to produce 
methane as a catabolic end product. These 
organisms thrive across a broad range of 
temperatures, salinities and pH. During 
methanogenesis, each round of catabolism 
results in energy conservation through a 
chemiosmotic potential34. In many environ-
ments the net energy conservation from 
catabolism is only a fraction of an ATP for 
each methane molecule produced35,36, and 
low energy flux leads to chronic energy 
stress in terms of meeting both the BEQ and 
ME. Methanogens typically out-compete 
bacteria for common substrates when 
sulphate and other oxidants are depleted 
and CO2 becomes the favoured electron 
acceptor; this results in environments in 
which methane is the primary metabolic 
product. There are no known bacterial 
methanogens, but methanogenic archaea do 
interact syntrophically and competitively with 
bacteria36–39.

Figure 1 | Cellular energy budgets. a | The energy requirements for conditions of survival, mainte-
nance and growth are shown. The ratio of energy requirements (survival: maintenance: growth) was 
recently estimated at 1:103:106 (REF. 8). b | The idealized relationship between the cellular energy sup-
ply (E), substrate flux (FS), Gibbs free energies for catabolism (∆G′rxn) and ATP synthesis (∆G′ATP) is shown. 
The figure represents a case in which energy conservation is by a chemiosmotic mechanism (chemi-
osmotic potential) with a net translocation of one ion per round of catabolism (biological energy 
quantum). ATP synthesis from ADP and Pi requires ~ 60 kJ mol–1, and n represents the number of trans-
located protons required for ATP synthesis. Equations 1–4 assume 100% efficiency. The condition of 
E < ME results in inactivity or death. ME, maintenance energy.
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Methane oxidizers. The anaerobic methane 
oxidizers comprise three or more phyloge-
netic groups and are closely related to the 
methanogens. These organisms are thought 
to form syntrophic associations with sul-
phate- or nitrate-reducing bacteria and to 
grow by oxidizing methane9,12,40. Extensive 
environmental, laboratory and modelling 
studies indicate that this mode of growth 
yields only small amounts of energy and 
often occurs at exceedingly slow rates41–45. 
These organisms are presumed to face 
chronic energy stress in terms of achieving 
the BEQ and ME. The capacity to carry out 
this globally important process seems to 
reside exclusively with the Archaea.

Known archaeal groups are clearly 
adapted to energetic stress and can domi-
nate or out-compete bacteria in ecological 
niches in which chronic energy stress is a 
feature, including environmental stresses 
(temperature, acidity and salinity) and 
low energy availability. The physiological 
ecology of many not-yet-isolated groups 
might be reasonably predicted to involve 
chronic energy stress as described above. In 
particular, the environmental distribution of 
16S rRNA gene sequences can be considered 
in terms of the most likely energy stress, in 
order to hypothesize physiologies for the 
organisms. This rationale has been used 
to link archaeal 16S rRNA sequences to 

archaeal lifestyles in environments that are 
characterized by high temperature, acidity or 
salinity, as well as in environments that are 
likely to support methanogenesis, methane 
oxidation or nitrification5. This approach 
can also be applied to exclude physiologies 
and metabolic activities of some archaea. 
Of particular interest in this regard are some 
of the sediment-dwelling (marine benthic 
group) archaea, which have environmental 
distributions that are incompatible with the 
six groups described above46–48. Given the low 
availability of energy in the environments 
where these archaea thrive it is likely that 
they have distinctive metabolic functions 
and are adapted to low energy flux.

Biochemical adaptations
Ecological differences between the 
Archaea and the Bacteria must derive 
from genetic and biochemical adaptations. 
Furthermore, these must presumably be 
long-standing traits from an evolutionary 
perspective. The distinctive lipid-membrane 
composition among archaea is considered 
here as a primary adaptation to energy 
stress. Several secondary adaptations are also 
considered, including catabolic pathways 
and mechanisms of energy conservation. I 
conclude that archaea use specific membrane 
structures to reduce energy loss at the cellular 
level, thereby reducing their ME relative to 

bacteria. I further contend that the distribu-
tion of catabolic pathways among archaea 
results directly from their adaptation to 
chronic energy stress and that distinctive 
mechanisms of energy conservation allow 
many archaea to readily adapt to environ-
ments of differing energy availability.

Lipid membranes. All prokaryotes face a 
crucial energy dilemma at the cytoplasmic 
membrane. Each cell must expend energy to 
maintain a chemiosmotic potential, which 
is used to drive basic cellular processes. The 
membrane functions as the barrier for this 
potential, and the inadvertent passage of ions 
across the membrane — futile ion cycling — 
is a direct energy loss for the cell. Organisms 
require membrane fidelity to avoid futile 
ion cycling and minimize ME. Conversely, 
the membrane plays host to numerous other 
cellular processes that require motion or 
fluidity in the membrane; lateral motion is 
directly related to membrane permeability49. 
Efflux of ions from the cell has been shown 
to account for approximately half the energy 
demand of resting mammalian cells50, and is 
probably a main component of ME for active 
cells in nature.

One important distinction between the 
Archaea and the Bacteria is the chemical 
structure of lipids composing the cytoplasmic 
membrane (FIG. 3). Bacterial lipids typically 
consist of fatty acids esterified to a glycerol 
moiety, whereas archaeal lipids typically 
consist of isoprenoidal alcohols that are 
ether-linked to glycerol. Stereochemical 
configurations about the glycerol moiety are 
also different. Archaeal membranes are less 
permeable to ions than bacterial membranes, 
and tetraether-based membranes are less 
permeable than diether-based membranes51,52. 
These membranes reduce the amount of futile 
ion cycling in vivo and provide an energetic 
advantage to archaea — less energy is lost 
during the maintenance of a chemiosmotic 
potential. I propose that this adaptation effec-
tively reduces the ME for archaea compared 
with bacteria. The advantages of the archaeal 
membrane have been clearly shown in hyper-
thermophiles, halophiles, acidophiles and 
liposomes17,18,22,52–54, and here I simply extend 
this principle to include other archaea.

Catabolic specificity. In his classic review 
of bacterial evolution55, Woese writes that 
the Archaea “are a collection of disparate 
phenotypes: the methanogens, the extreme 
halophiles, and the extremely thermophilic 
sulphur-metabolizing species. Their 
metabolic differences are many, their known 
similarities few.”

Figure 2 | Temperature and pH requirements for growth distinguish thermophilic bacteria 
and archaea. 72 archaeal species that represent 32 genera are included (pink dots), as are 107 
bacterial species that represent 61 genera (blue dots). Methanogenic archaea are excluded. Only 
the type strain for each species is shown, and an average temperature is given for species that 
have a range for the optimal growth temperature. The overlaid blue ‘zone’ comprises environ-
mental conditions to which bacteria are best adapted, the overlaid pink zone comprises condi-
tions to which archaea are best adapted, and the grey zone represents those conditions to which 
both archaeal and bacterial species are well adapted. Data were compiled from Bergey’s Manual 
of Systematic Bacteriology and from the primary literature84.

P E R S P E C T I V E S

318 | APRIL 2007 | VOLUME 5  www.nature.com/reviews/micro

© 2007 Nature Publishing Group 

 



Archaeal membranes Bacterial membranes

OO

O
O

O
O

O
O

OO

OO

O O

O O

O O
O O

O
O

O
O

OO

O O

O O

CH2

CH

H2C O

OCR′

OCR′

CH2

HC

H2C

O

O

O

C

O

O

C

R

R

O O
OO

Ether linkage Ester linkage

Head groups

Isoprenoidal

2,3-sn-glycerol 1,2-sn-glycerol

n-alkyl with 
methylation,
unsaturation, or 
cycloprenylation

n

OO
O O

Monolayers Bilayers

H+ H+

H+
H+

H+
H+

H+

H+

H+ H+

Permeability

Low High

The known breadth of catabolic func-
tions among archaea has expanded and 
now includes aerobiosis, fermentation, 
nitrification, methanogensis, phototrophy 
and numerous forms of lithotrophy5. I 
contend that the catabolic specificity of 
archaea is readily interpreted in terms 
of adaptation to chronic energy stress. 
Consider the competition between archaea 
and bacteria from a metabolic perspec-
tive. Among the known archaea there 
seem to be several successful modes of 
dominating, or competing with, bacteria. 
For halophiles, hyperthermophiles and 
thermoacidophiles dominance is achieved 
through environmental exclusivity — that 
is, these groups are adapted to cope with 
a level of energy stress that disables all 
but a select few bacterial species. This 
is achieved by effectively combating the 
environmental pressures (temperature, 
salinity and acidity) that tend to increase 
ME.  Environmental exclusivity gives 
way to competition with bacteria as 
conditions become moderate (FIG. 2), and 
archaeal success becomes more depend-
ent on catabolic adaptations. In the case 
of methanogens and methane oxidizers, 
dominance is achieved through metabolic 
exclusivity whereby these organisms 
have evolved to exclude or out-compete 
bacteria by the use of unique catabolic 
pathways. In the case of nitrifiers there 
seems to be direct competition involving 
similar catabolic strategies, the details 
of which are still emerging29,56. These 
seemingly disparate catabolic activities 
are explicable in the context of energy 
adaptation. The thermophiles, acidophiles 
and halophiles rely on environmental 
exclusivity at extreme conditions and 
can maintain broad catabolic specificity 
as their primary energetic adaptations 
are for environmental factors. These 
organisms retain this energetic advantage 
in the form of reduced ME at high (but 
not extreme) temperatures, salinities 
and acidities. The level of competition 
between archaea and bacteria intensifies in 
moderate environmental conditions, and 
successful archaea maintain a singularity 
of catabolism that allows them to exclude 
or out-compete bacteria in specific niches 
with low energy availability. Methanogens, 
methane oxidizers and possibly nitrifiers 
each seemingly display such singularity, 
with their catabolic emphasis on a single 
well-defined pathway. The commonality 
among all these archaea is that success is 
dependent on their capacity to cope with 
chronic energy stress.

Energy conservation. Distinctive 
mechanisms of energy conservation are a 
hallmark of many archaea. Such mecha-
nisms include methanogenesis, anaerobic 
methane oxidation, proton reduction 
coupled directly to proton translocation, 
H2-dependent sulphur reduction and 
phototrophy5,57. H2/CO2-methanogen-
esis is among the best understood of the 
archaeal catabolic pathways and provides 
an example of how catabolism and ecol-
ogy are specific to chronic energy stress 
(FIG. 4). Methanogens face energy stress 
in terms of achieving both a BEQ and 
ME6,35,58. These archaea have a singularity 
of catabolism and have evolved to cope 
with chronic energy stress in several ways. 

First, energy conservation is achieved by a 
chemiosmotic mechanism, often with the 
net translocation of only one ion per round 
of catabolism6. Second, some methanogens 
have been shown to vary the stoichiometry 
of ion translocation with the availability of 
energy from substrates — a clear adapta-
tion to low and variable Gibbs free-energy 
yields59. Third, some methanogens differ-
entially express isoenzymes of the catabolic 
pathway according to substrate or energy 
availability60. Fourth, the H2/CO2 path-
way allows a high degree of reversibility 
under low energy conditions, which has 
been interpreted as an indication of high 
efficiency61,62. In addition to such adapta-
tions, the methanogens adapt their lifestyle 

Figure 3 | Membranes of the Archaea and Bacteria. The basic chemical structures of archaeal (left) 
and bacterial (right) membrane lipids are shown to illustrate the typical chemical differences. Examples 
of intact membrane structures used by archaea (left) and bacteria (right) are shown below, including 
the monolayers that are produced by some archaea and the highly unsaturated membranes produced 
by some bacteria. The arrow (bottom) indicates a general trend of increasing permeability to ions such 
as protons and sodium. Eukaryotic membranes are similar to those of bacteria.
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to their catabolic pathway, particularly 
with  regard to anoxia. Their singularity of 
catabolism, coupled with numerous adap-
tations to energy stress, allows methano-
gens to successfully out-compete bacteria 
as terminal metabolizers in environments 
where CO2 is the primary terminal electron 
acceptor35,37,58. This low-energy lifestyle is 
very successful, as methanogens process 
carbon equivalent to ~1–2% of global net 
primary production62,63.

The capacity to conserve small amounts 
of metabolically useful energy during 
catabolism is a key to survival in anaerobic, 
energy-stressed environments. Among 

many strictly anaerobic archaea and bacte-
ria this is achieved by coupling catabolism 
to ion translocation (typically H+, some-
times Na+), with a minimum of one ion 
translocated per round of catabolism36 
(FIG. 1). In order to produce ATP from the 
established chemiosmotic gradient, the 
key enzyme, proton-translocating ATP 
synthase, is used. Recently the structures 
of several archaeal (A1A0) ATP synthases 
have been solved, revealing a range of 
predicted stoichiometries for ions translo-
cated per ATP synthesized, with a current 
upper limit of 4.3 (REF. 64). The Archaea 
seem to maintain greater variability in 

H+/ATP stoichiometry compared with the 
Bacteria64,65. I interpret this variability as an 
evolutionary tactic to balance the energetic 
needs of the cell with the availability of 
energy in the local environment.

Archaeal evolution
Archaea and bacteria coexist throughout 
much of the biosphere, and are known to 
readily exchange genetic information2. In 
order to understand the evolution of these 
two domains it is imperative to understand 
why they remain segregated in the face 
of similar ecological pressures. From the 
perspective of energetic adaptation, the con-
tinued distinction of these groups is evident 
— core archaeal identity is maintained by 
the ecological pressure of chronic energetic 
stress and through the related adaptations of 
each archaeon. Energy stress might therefore 
be considered as a dominant selective pres-
sure for evolutionary change among the 
Archaea — more so than for the Bacteria.

Support for this evolutionary perspective 
comes from the general observation that 
phylogeny and physiology are more closely 
related among the Archaea than among the 
Bacteria. Each of the six physiological groups 
used to characterize known archaea displays 
a high degree of internal phylogenetic coher-
ence when compared with bacteria. As an 
extreme example, consider the archaeal class 
of halobacteria, which consists of 22 genera of 
extreme halophiles. By contrast, consider 
the bacterial class γ-proteobacteria, which 
comprises over 160 genera with no apparent 
physiological unity66, or that bacterial halo-
philes are spread among ten or more phyloge-
netic classes. Such observations are consistent 
with a physiological force such as energy 
stress functioning as a selective pressure 
on archaeal evolution. That is, because the 
dominant selective force in archaeal evolution 
relates directly to a fundamental physiological 
trait, it seems reasonable that phylogeny and 
physiology remain tightly coupled.

Implications for Bacteria and Eukarya
The case for energy adaptation among the 
Archaea is well grounded in the physiology 
of known archaea, and is generally sup-
ported by numerous environmental observa-
tions. However, the unification of archaeal 
ecology raises a number of fundamental 
questions regarding the ecology of the 
Bacteria and Eukarya.

If archaea out-compete bacteria in condi-
tions of chronic energy stress, what properties 
allow bacteria to out-compete archaea under 
other conditions? Presumably the ability of 
bacteria to out-compete archaea in so many 

Figure 4 | Adaptations of methanogens to energy stress. This composite diagram shows the dif-
ferent adaptations that allow methanogens to thrive in conditions of chronic energy stress, using the 
example of the H2/CO2 catabolic pathway. Seven adaptations are included in the figure: the use of 
isoprenoidal, ether-linked lipids to reduce futile ion cycling (a); the regulation of isoenzyme production 
in the catabolic pathway as a function of H2 (Gibbs free energy) availability 60,85 (b); the frequently low 
quantity of Gibbs free energy available from catabolism (as low as ~ 10 kJ mol–1 of methane pro-
duced)35,37–39,86 (c); the inferred capacity to thrive with the net extrusion of one ion per round of 
catabolism35,36 (d); the dynamic stoichiometry of proton extrusion during heterodisulphide (CoB-S-S-
CoM) reduction as controlled by H2 concentration59 (e); the reversibility of the first five steps of the 
catabolic pathway, which allow for near-equilibrium conditions and therefore high efficiency62 (f); and 
the variations in stoichiometry of proton-coupled ATP synthesis61,64 that probably allow variability 
in the BEQ (g). BEQ, biological energy quantum; MF, methanofuran; H4MPT, tetrahydromethanopterin; 
CoM, coenzyme M; CoB, coenzyme B.
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If archaeal membranes provide a more 
effective barrier against ions, why do 
eukaryotes have membranes that are most 
similar to bacterial membranes? One expla-
nation is that low-permeability membranes 
have lower rates of lateral diffusion67,68, a 
factor which is thought to be important 
for photosynthesis, respiration and signal 
transduction69. The use of more laterally 
mobile membranes might be an adaptation 
to enhanced rates of energy production at 
the expense of energy conservation, with 
highly unsaturated membranes being an 
extreme case69. Chemical modification 
of the membrane, such as the inclusion of 
sterols, might be a dynamic approach to 
controlling membrane permeability while 
maintaining advantages afforded by the 
bacterial membranes70.

physiological characteristics found primarily 
or exclusively in the Bacteria support this 
concept of enhanced bacterial adaptability, 
including pathogenesis, extensive synthesis 
of natural products, formation of complex 
morphological structures, photosynthesis 
and spore formation, among others. I further 
contend that these distinctions have led to 
two divergent evolutionary paths: the archaeal 
path in which evolutionary change is tem-
pered by the inherent advantages in thriving 
with chronic energy stress, and the bacterial 
path in which function is more variable and 
cells tend to undergo more radical evolution-
ary change. Put another way, the many adap-
tations of an archaeon to combat energy stress 
limit its capacity to compete directly with 
bacteria in dynamic environments in which 
energy stress is not chronic.

environments is integrally tied to the innate 
advantages of being an archaeon — otherwise 
such traits would be shared during evolution. 
The apparent exclusivity of archaeal mem-
brane structures and of catabolic pathways 
for methanogenesis and anaerobic methane 
oxidation are examples of such traits. Bacteria 
maintain a broad array of genetic, metabolic 
and physiological capacities that allow for a 
high degree of adaptability, and metabolic 
diversification into numerous environmental 
niches and habitats. These capacities allow 
bacteria to dominate archaea in many 
environments, especially those in which 
energy stress is not chronic. Based on these 
generalizations I contend that archaea have 
evolved to thrive with energy stress, whereas 
bacteria can adapt to maximize the availabil-
ity of energy and other resources. Numerous 

Box 1 | Predictions and generalizations

The concepts developed in this work allow for generalizations regarding 
the evolutionary history, diversity, physiology and ecology of the Archaea, 
and lead to several predictions:
• Evolutionary divergence of the Archaea and Bacteria arose with the 

selective pressure of energy stress. The archaeal branch is probably an 
adaptation to extreme temperature and acidity. The capacity of the 
Archaea to thrive with chronic energy stress has defined the subsequent 
radiation of this group to occupy other niches.

• The Archaea tend to evolve smaller genomes than the Bacteria. Energy 
stress is one important factor that controls genome size. Archaea 
evolving larger genomes include some methanogens and halophiles. 
These archaeal species also seem to have evolved some bacterial-like 
qualities such as broad substrate specificity and moderately fluid 
membrane bilayers.

• According to one marine sedimentary record, a major radiation of taxa 
producing tetraether-based membranes occurred during a mid-
cretaceous anoxic event79. Such a radiation might have been related to 
energy availability, such as competition for ammonia and O2 across a 
broad oceanic redox boundary.

• The overall diversity of the Archaea is lower than that of the Bacteria 
because their tendency to adapt to conditions of chronic energy stress 
has hindered their capacity to speciate in replete environments. This 
limitation is generally supported by the observation that there are 
currently only 89 validly described archaeal genera compared with over 
1,400 bacterial genera66.

• Archaea control the structure and dynamics of their membranes by 
using tetraethers, diethers, macrocyclic diethers and/or diether zipper 
structures, and various polar head groups. A secondary level of control is 
achieved through the alteration of the core lipid structures to 
incorporate unsaturation, hydroxyl groups and cyclic structures. 
Archaeal membranes are blended to optimize metabolic function for a 
given environment while minimizing energy loss, but probably have less 
dynamic capacity than bacterial membranes.

• Nitrifying marine archaea produce tetraether–based membranes in 
order to minimize futile ion cycling. This resulting reduction in 
maintenance energy (ME) is crucial to their lifestyle, which involves 
chronic energy stress that is due to low ammonia and/or O2 
concentrations.

• The lack of lateral mobility in archaeal tetraether-based membranes 
might limit the rate of electron transport thereby providing a 

competitive advantage to bacteria in some environments. This might 
explain the capacity of many Aquificales to dominate archaea in oxic hot 
springs, and might also explain the emerging association of putative 
nitrifying archaea with low O2 conditions21,31.

• Actively growing archaea have similar energy requirements to bacteria, 
as the energetic advantages of being archaea are realized primarily in 
the form of reduced ME.

• Archaea favour active maintenance over survival modes, such as cyst 
formation and sporulation because they are adapted to thrive with 
chronic energy stress. Such survival modes are more common in the 
Bacteria and might not exist among the Archaea.

• Pathogenic archaea are rare or nonexistent80,81 because the 
inherent tendency of archaea to thrive with chronic energy stress 
is incompatible with the dynamic nature of pathogenesis. Bacteria 
are inherently better suited to pathogenesis as it is consistent with 
their capacity to seek new resources and adapt to changing 
environments. The mode of action for any obligate pathogenic 
archaeon would probably relate to overcoming chronic energy 
stress in the host.

• Mesophilic archaea such as methanogens can out-compete bacteria 
when conditions are stable, whereas bacteria thrive better in conditions 
of rapid environmental change. The seasonal interplay between 
methanogens and acetogenic bacteria in marine sediments is one 
example of this82.

• Archaeal symbionts, such as those inhabiting a marine sponge83, might 
be favoured in conditions in which energy supply from the host is 
restricted for long periods of time and low ME is advantageous for 
survival of the symbiont.

• Adaptations to chronic energy stress might extend beyond those 
presented here, particularly for cellular functions that are prevalent 
during the maintenance phase. Possibilities include reduced turnover 
rates of proteins and nucleic acids, and more efficient recycling of key 
macromolecules.

• With their unique repertoire of informational processing components, 
archaea might have evolved transcriptional and translational regulatory 
mechanisms that reduce energy expenditure.

• Uncultivated archaea thriving at moderate temperature, salinity and 
circumneutral pH are adapted for low ME. As a result, many have 
adaptations specific to low energy availability, and laboratory 
cultivation will be challenging for most strains.
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Many bacteria are known to thrive under 
extreme environmental conditions23,71,72, 
and conditions of low energy flux73–75, and 
numerous adaptations have evolved. So why 
do bacteria occupy such niches if archaea 
are inherently better suited to do so? For 
growth in conditions of high salinity and 
temperature, some bacteria have evolved 
archaeal-like qualities. For example, known 
hyperthermophilic bacteria of the order 
Aquificales use (non-isoprenoidal) ether lip-
ids in their membranes that facilitate growth 
at temperatures exceeding 80oC, while still 
supporting a respiratory catabolism typically 
involving formate/H2 and O2. The extremely 
halophilic bacterium Salinibacter ruber uses 
an unusual sulphonolipid, hyperconcentrates 
potassium for osmotic balance and produces 
pigments — similar to halophilic archaea71,76. 
This tendency of bacteria to undergo such 
radical evolutionary changes might explain 
their capacity to compete with archaea in 
select environmental conditions (Fig 2). In 
many other cases, bacterial adaptations to 
chronic energy stress are less obvious, and 
the adaptation of bacteria to low energy flux 
is notable for the processes of sulphate reduc-
tion35 and syntrophic fermentation36. The 
subsurface biosphere and other endolithic 
communities are also characterized by low 
energy availability and seem to be dominated 
by bacteria in some locations77,78. The low 
levels of available energy for such organ-
isms should seemingly favour archaea over 
bacteria, but this does not seem to always 
be the case. The prevalence of organotrophy 
among bacteria stands in contrast to the 
prevalence of autotrophy among archaea, 
and might result in an advantage for bacteria 

in environments where energy must be 
derived from a diverse array of organic 
molecules. However, such a generalization is 
not inclusive, and too little is known about 
the physiology of anaerobic archaea to draw 
more meaningful conclusions.

Conclusions
Diverse evidence indicates that archaea 
are better adapted to chronic energy stress 
than bacteria. The capacity to thrive in 
spite of energy stress seems central to the 
archaeal lifestyle. Bacteria seem to focus 
less on adapting to energy stress, and more 
on exploiting new or variable resources. 
The adaptations of archaea to energy stress 
provide a competitive advantage under a 
range of environmental conditions. Most 
obvious are the ability to grow in condi-
tions of extreme salinity, temperature and 
pH, in which bacteria and eukaryotes 
cannot grow. More subtle is the advantage 
conferred on archaea when faced with 
energy limitation, including limited sub-
strate supply, such as for nitrification, and 
minimal free-energy yields from catabo-
lism, such as for methanogenesis and 
anaerobic methane oxidation. Archaeal 
adaptation to chronic energy stress points 
to the central importance of energy stress 
as a selective pressure in prokaryotic evolu-
tion, as is highlighted further in the BOX 1. 
That an entire domain of life might rely so 
heavily on this principle is a major depar-
ture from traditional ecological thinking. I 
propose that not only does chronic energy 
stress unify archaeal ecology, but it is also 
a powerful and divergent selective pressure 
for prokaryotic evolution.

David L. Valentine is at the Department of Earth 
Science and Marine Science Institute, University of 
California, Santa Barbara, California, 93106 USA.

e-mail:valentine@geol.ucsb.edu

doi:10.1038/nrmicro1619
Published online 5 March 2007

1.  Woese, C. R., Magrum, L. J. & Fox, G. E. 
Archaebacteria. J. Mol. Evol. 11, 245–252 (1978).

2.  Allers, T. & Mevarech, M. Archaeal genetics — the 
third way. Nature Rev. Gen. 6, 58–73 (2005).

3.  DeLong, E. F. Archaea in coastal marine environments. 
Proc. Natl Acad. Sci. USA 89, 5685–5689 (1992).

4.  Fuhrman, J. A., McCallum, K. & Davis, A. A. Novel 
major Archaebacterial group from marine plankton. 
Nature 356, 148–149 (1992).

5.  Chaban, B., Ng, S. Y. M. & Jarrell, K. F. Archaeal 
habitats — from the extreme to the ordinary. Can. J. 
Microbiol. 52, 73–116 (2006).

6.  Hoehler, T. M. Biological energy requirements as 
quantitative boundary conditions for life in the 
subsurface. Geobiology 2, 205–215 (2004).

7.  Morita, R. Bacteria in Oligotrophic Environments 
(Chapman and Hall, New York, 1997).

8.  Price, P. B. & Sowers, T. Temperature dependence of 
metabolic rates for microbial growth, maintenance, 
and survival. Proc. Natl Acad. Sci. USA 101, 
4631–4636 (2004).

9.  Boetius, A. et al. A marine microbial consortium 
apparently mediating anaerobic oxidation of methane. 
Nature 407, 623–626 (2000).

10.  Hallam, S. J. et al. Reverse methanogenesis: testing 
the hypothesis with environmental genomics. Science 
305, 1457–1462 (2004).

11.  Orphan, V. J., House, C. H., Hinrichs, K. U., McKeegan, 
K. D. & DeLong, E. F. Methane-consuming archaea 
revealed by directly coupled isotopic and phylogenetic 
analysis. Science 293, 484–487 (2001).

12.  Valentine, D. L. Biogeochemistry and microbial ecology 
of methane oxidation in anoxic environments: a review. 
Antonie Van Leeuwenhoek 81, 271–282 (2002). 

13.  Oren, A. Molecular ecology of extremely halophilic 
Archaea and Bacteria. FEMS Microbiol. Ecol. 39, 1–7 
(2002).

14.  Oren, A. The ecology of the extremely halophilic 
archaea. FEMS Microbiol. Rev. 13, 415–439 (1994).

15.  Rodriguez Valera, F., Ruiz Berraquero, F. & Ramos 
Cormenzana, A. Behavior of mixed populations of 
halophilic bacteria in continuous cultures. Can. J. 
Microbiol. 26, 1259–1263 (1980).

16.  Kashefi, K. & Lovley, D. R. Extending the upper 
temperature limit for life. Science 301, 934 (2003).

17.  van de Vossenberg, J. L. C. M., Driessen, A. J. M. & 
Konings, W. N. The essence of being extremophilic: 
the role of the unique archaeal membrane lipids. 
Extremophiles 2, 163–170 (1998).

18.  van de Vossenberg, J. L. C. M., UbbinkKok, T., Elferink, 
M. G. L., Driessen, A. J. M. & Konings, W. N. Ion 
permeability of the cytoplasmic membrane limits the 
maximum growth temperature of bacteria and 
archaea. Mol. Microbiol. 18, 925–932 (1995).

Glossary

Archaea
One of the three primary domains of life, inclusive of all 
organisms in the domain.

Archaeon
(archaea). An organism (organisms) belonging to the 
domain Archaea.

bacteria
A population or group of organisms belonging to the 
domain Bacteria.

Bacteria
One of the three primary domains of life, inclusive of all 
organisms within the domain.

Biological energy quantum
(BEQ). Finite minimum level of energy that an organism can 
conserve from catabolism.

Chemiosmotic
The use of an ion gradient across a membrane to 
generate ATP. 

Clade
A hypothesis of evolutionary relatedness in which a 
group of organisms share a single common ancestor. 
In the context of microbial ecology this term is 
often used to indicate a group of organisms that 
have been shown to be monophyletic by comparative 
analysis of 16S rRNA or other conserved gene 
sequences.

Chronic energy stress
Condition in which cells are consistently faced 
with an insufficient supply of cellular energy. 
The stresses considered here to comprise chronic 
energy stress include the high rates of futile ion 
cycling driven by extreme temperature, acidity or 
salinity, as well as low rates of cellular energy 
generation due to limited substrate availability 
and/or unfavourable thermodynamic 
conditions.

Environmental exclusivity
The concept that some archaea are adapted to thrive in 
conditions that are inhospitable to bacteria.

Extremely halophilic
An organism that grows best in media that contains 2.5–

5.2 M salt.

Maintenance energy
(ME). Minimum intake flux of energy (power) that is 

required to maintain molecular and cellular integrity as well 

as activity.

Metabolic exclusivity
The concept that dominance can be achieved by way of 

catabolic specialization.

Singularity of catabolism
Exclusive reliance on a single, highly specialized form of 

catabolism, such as methanogenesis.

Syntrophically
A syntrophic reaction is one in which two 

(or more) organisms interact metabolically to 

consume a substrate that neither can consume 

independently.

P E R S P E C T I V E S

322 | APRIL 2007 | VOLUME 5  www.nature.com/reviews/micro

© 2007 Nature Publishing Group 

 



19.  Kormas, K. A., Tivey, M. K., Von Damm, K. & Teske, A. 
Bacterial and archaeal phylotypes associated with 
distinct mineralogical layers of a white smoker spire 
from a deep-sea hydrothermal vent site (9 degrees N, 
East Pacific Rise). Env. Microbiol. 8, 909–920 (2006).

20.  Schrenk, M. O., Kelley, D. S., Delaney, J. R. & 
Baross, J. A. Incidence and diversity of microorganisms 
within the walls of an active deep-sea sulfide chimney. 
69, 3580–3592 (2003).

21.  Spear, J. R., Walker, J. J., McCollom, T. M. & Pace, N. R. 
Hydrogen and bioenergetics in the Yellowstone 
geothermal ecosystem. 102, 2555–2560 (2005).

22.  Macalady, J. L. et al. Tetraether-linked membrane 
monolayers in Ferroplasma spp: a key to survival in 
acid. Extremophiles 8, 411–419 (2004).

23.  Bond, P. L., Druschel, G. K. & Banfield, J. F. Comparison 
of acid mine drainage microbial communities in 
physically and geochemically distinct ecosystems. Appl. 
Environ. Microbiol. 66, 4962–4971 (2000).

24.  Johnson, D. B., Stallwood, B., Kimura, S. & Hallberg, 
K. B. Isolation and characterization of Acidicaldus 
organivorus, gen. nov., sp nov.: a novel sulfur-oxidizing, 
ferric iron-reducing thermo-acidophilic heterotrophic 
Proteobacterium. Arch. Microbiol. 185, 212–221 
(2006).

25.  Siering, P. L., Clarke, J. M. & Wilson, M. S. Geochemical 
and biological diversity of acidic, hot springs in Lassen 
Volcanic National Park. Geomicrobiol. J. 23, 129–141 
(2006).

26.  Wuchter, C. et al. Archaeal nitrification in the ocean. 
Proc. Natl Acad. Sci. USA 103, 12317–12322 (2006).

27.  Francis, C. A., Roberts, K. J., Beman, J. M., Santoro, 
A. E. & Oakley, B. B. Ubiquity and diversity of 
ammonia-oxidizing archaea in water columns and 
sediments of the ocean. Proc. Natl Acad. Sci. USA 102, 
14683–14688 (2005).

28.  Leininger, S. et al. Archaea predominate among 
ammonia-oxidizing prokaryotes in soils. Nature 442, 
806–809 (2006).

29.  Hallam, S. J. et al. Genomic analysis of the uncultivated 
marine crenarchaeote Cenarchaeum symbiosum. Proc. 
Natl Acad. Sci. USA 103, 18296–18301 (2006).

30.  Konneke, M. et al. Isolation of an autotrophic ammonia-
oxidizing marine archaeon. Nature 437, 543–546 
(2005).

31.  Park, H. D., Wells, G. F., Bae, H., Criddle, C. S. & 
Francis, C. A. Occurrence of ammonia-oxidizing archaea 
in wastewater treatment plant bioreactors. Appl. 
Environ. Microbiol. 72, 5643–5647 (2006).

32.  Ingalls, A. E. et al. Quantifying archaeal community 
autotrophy in the mesopelagic ocean using natural 
radiocarbon. Proc. Natl Acad. Sci. US A 103, 
6442–6447 (2006).

33.  Karner, M. B., DeLong, E. F. & Karl, D. M. Archaeal 
dominance in the mesopelagic zone of the Pacific 
Ocean. Nature 409, 507–510 (2001).

34.  Thauer, R. K. Biochemistry of methanogenesis: a tribute 
to Marjory Stephenson. Microbiology-UK 144, 
2377–2406 (1998).

35.  Hoehler, T. M., Alperin, M. J., Albert, D. B. & Martens, 
C. S. Apparent minimum free energy requirements for 
methanogenic Archaea and sulfate-reducing bacteria in 
an anoxic marine sediment. FEMS Microbiol. Ecol. 38, 
33–41 (2001).

36.  Schink, B. Energetics of syntrophic cooperation in 
methanogenic degradation. Microbiol. Mol. Biol. Rev. 
61, 262–280 (1997).

37.  Hoehler, T. M., Alperin, M. J., Albert, D. B. & Martens, 
C. S. Thermodynamic control on hydrogen 
concentrations in anoxic sediments. Geochim. 
Cosmochim. Acta 62, 1745–1756 (1998).

38.  Cord-Ruwisch, R., Steitz, H.-J. & Conrad, R. The 
capacity of hydrogenotrophic anaerobic bacteria to 
compete for traces of hydrogen depends on the redox 
potential of the terminal electron acceptor. Arch. 
Microbiol. 149, 350–357 (1988).

39.  Lovley, D. R. & Goodwin, S. Hydrogen concentrations as 
an indicator of the predominant terminal electron-
accepting reactions in aquatic sediments. Geochim. 
Cosmochim. Acta 52, 2993–3003 (1988).

40.  Raghoebarsing, A. A. et al. A microbial consortium 
couples anaerobic methane oxidation to denitrification. 
Nature 440, 918–921 (2006).

41.  D’Hondt, S., Rutherford, S. & Spivack, A. J. Metabolic 
activity of subsurface life in deep-sea sediments. 
Science 295, 2067–2070 (2002).

42.  Girguis, P. R., Cozen, A. E. & DeLong, E. F. Growth and 
population dynamics of anaerobic methane-oxidizing 
archaea and sulfate-reducing bacteria in a continuous-
flow bioreactor. Appl. Environ. Microbiol. 71, 
3725–3733 (2005).

43.  Nauhaus, K., Boetius, A., Kruger, M. & Widdel, F. In vitro 
demonstration of anaerobic oxidation of methane 
coupled to sulphate reduction in sediment from a 
marine gas hydrate area. Environ. Microbiol. 4, 296–
305 (2002).

44.  Valentine, D. L. & Reeburgh, W. S. New perspectives on 
anaerobic methane oxidation. Environ. Microbiol. 2, 
477–484 (2000).

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

46.  Biddle, J. F. et al. Heterotrophic Archaea dominate 
sedimentary subsurface ecosystems off Peru. Proc. Natl 
Acad. Sci. USA 103, 3846–3851 (2006).

47.  Kendall, M. et al. Diversity of Archaea in marine 
sediments from Skan Bay, Alaska, including cultivation 
of methanogens and a description of Methanogenium 
boonei, sp. nov. Appl. Environ. Microbiol. 73, 407–414 
(2007).

48.  Teske, A. P. Microbial communities of deep marine 
subsurface sediments: molecular and cultivation 
surveys. Geomicrobiol. J. 23, 357–368 (2006).

49.  Haines, T. H. Water transport across biological-
membranes. FEBS Lett. 346, 115–122 (1994).

50.  Hulbert, A. J. & Else, P. L. Membranes and the setting of 
energy demand. J. Exp. Biol. 208, 1593–1599 (2005).

51.  Yamauchi, K., Doi, K., Yoshida, Y. & Kinoshita, M. 
Archaebacterial lipids — highly proton-impermeable 
membranes from 1, 2-diphytanyl-sn-glycero-3-
phosphocholine. Biochim. Biophys. Acta 1146, 
178–182 (1993).

52.  Mathai, J. C., Sprott, G. D. & Zeidel, M. L. Molecular 
mechanisms of water and solute transport across 
archaebacterial lipid membranes. J. Biol Chem. 276, 
27266–27271 (2001).

53.  van de Vossenberg, J. L. C. M., Driessen, A. J. M., 
Zillig, W. & Konings, W. N. Bioenergetics and 
cytoplasmic membrane stability of the extremely 
acidophilic, thermophilic archaeon Picrophilus oshimae. 
Extremophiles 2, 67–74 (1998).

54.  van de Vossenberg, J. L. C. M., Driessen, A. J. M., Grant, 
W. D. & Konings, W. N. Lipid membranes from halophilic 
and alkali-halophilic Archaea have a low H+ and Na+ 
permeability at high salt concentration. Extremophiles 
3, 253–257 (1999).

55.  Woese, C. R. Bacterial evolution. Microbiol. Rev. 51, 
221–271 (1987).

56.  Hallam, S. J. et al. Pathways of carbon assimilation and 
ammonia oxidation suggested by environmental 
genomic analyses of marine Crenarchaeota. PLoS Biol. 
4, e95 (2006).

57.  Sapra, R., Bagramyan, K. & Adams, M. W. W. A simple 
energy-conserving system: proton reduction coupled to 
proton translocation. Proc. Natl Acad. Sci. USA 100, 
7545–7550 (2003).

58.  Zinder, S. H. in Methanogenesis: Ecology, Physiology, 
Biochemistry & Genetics (ed. Ferry, J. G.) 536 
(Chapman & Hall, New York, 1993).

59.  de Poorter, L. M. I., Geerts, W. G., Theuvenet, A. P. R. & 
Keltjens, J. T. Bioenergetics of the formyl-methanofuran 
dehydrogenase and heterodisulfide reductase reactions 
in Methanothermobacter thermautotrophicus. Eur. J. 
Biochem. 270, 66–75 (2003).

60.  Reeve, J. N., Morgan, R. M. & Nolling, J. Environmental 
and molecular regulation of methanogenesis. Water Sci. 
Technol. 36, 1–6 (1997).

61.  Penning, H., Plugge, C. M., Galand, P. E. & Conrad, R. 
Variation of carbon isotope fractionation in 
hydrogenotrophic methanogenic microbial cultures and 
environmental samples at different energy status. 
Global Change Biol. 11, 2103–2113 (2005).

62.  Valentine, D. L., Chidthaisong, A., Rice, A., Reeburgh, W. 
S. & Tyler, S. C. Carbon and hydrogen isotope 
fractionation by moderately thermophilic methanogens. 
Geochim. Cosmochim. Acta 68, 1571–1590 (2004).

63.  Reeburgh, W. S. in Microbial Growth on C-1 Compounds 
(eds Lidstrom, M. E. & Tabita, R. F.) 
335–342 (Kluwer Academic Publishers, 1996).

64.  Muller, V. An exceptional variability in the motor of 
archaeal A1A0 ATPases: from multimeric to monomeric 
rotors comprising 6–13 ion binding sites. J. Bioenerg. 
Biomembr. 36, 115–125 (2004).

65.  Muller, V., Lingl, A., Lewalter, K. & Fritz, M. ATP 
synthases with novel rotor subunits: new insights into 
structure, function and evolution of ATPases. 
J. Bioenerg. Biomembr. 37, 455–460 (2005).

66.  Euzeby, J. P. List of bacterial names with standing in 
nomenclature: a folder available on the internet. Int. J. 
Syst. Bacteriol. 47, 590–592 (1997).

67.  Jarrell, H. C., Zukotynski, K. A. & Sprott, G. D. Lateral 
diffusion of the total polar lipids from Thermoplasma 
acidophilum in multilamellar liposomes. Biochim. 
Biophys. Acta 1369, 259–266 (1998).

68.  Baba, T., Minamikawa, H., Hato, M. & Handa, T. 
Hydration and molecular motions in synthetic phytanyl-
chained glycolipid vesicle membranes. Biophys. J. 81, 
3377–3386 (2001).

69.  Valentine, R. C. & Valentine, D. L. Omega-3 fatty acids 
in cellular membranes: a unified concept. Prog. Lipid 
Res. 43, 383–402 (2004).

70.  Haines, T. H. Do sterols reduce proton and sodium 
leaks through lipid bilayers? Prog. Lipid Res. 40, 
299–324 (2001).

71.  Anton, J. et al. Salinibacter ruber gen. nov., sp nov., a 
novel, extremely halophilic member of the Bacteria 
from saltern crystallizer ponds. Int. J. Syst. Evol. Microl. 
52, 485–491 (2002).

72.  Huber, R. et al. Aquifex pyrophilus gen. nov. sp. nov. 
represents a novel group of marine hyperthermophilic 
hydrogen-oxidizing Bacteria. Syst. Appl. Microbiol. 15, 
340–351 (1992).

73.  Jackson, B. E. & McInerney, M. J. Anaerobic microbial 
metabolism can proceed close to thermodynamic limits. 
Nature 415, 454–456 (2002).

74.  Adams, C. J., Redmond, M. C. & Valentine, D. L. 
Pure-culture growth of fermentative bacteria, 
facilitated by H2 removal: bioenergetics and H2 
production. Appl. Environ. Microbiol. 72, 
1079–1085 (2006).

75.  Seitz, H. J., Schink, B., Pfennig, N. & Conrad, R. 
Energetics of syntrophic ethanol oxidation in defined 
chemostat cocultures. 1. Energy requirement for H2 
production and H2 oxidation. Arch. Microbiol. 155, 
82–88 (1990).

76.  Corcelli, A. et al. Novel sulfonolipid in the extremely 
halophilic bacterium Salinibacter ruber. Appl. Environ. 
Microbiol. 70, 6678–6685 (2004).

77.  Schippers, A. et al. Prokaryotic cells of the deep sub-
seafloor biosphere identified as living bacteria. Nature 
433, 861–864 (2005).

78.  Mauclaire, L., Zepp, K., Meister, P. & McKenzie, J. 
Direct in situ detection of cells in deep-sea sediment 
cores from the Peru Margin (ODP Leg 201, Site 1229). 
Geobiol. 2, 217–223 (2004).

79.  Kuypers, M. M. M. et al. Massive expansion of marine 
archaea during a mid-Cretaceous oceanic anoxic event. 
Science 293, 92–94 (2001).

80.  Cavicchioli, R., Curmi, P. M. G., Saunders, N. & 
Thomas, T. Pathogenic archaea: do they exist? 
Bioessays 25, 1119–1128 (2003).

81.  Reeve, J. N. Archaebacteria then... archaes now (are 
there really no archaeal pathogens?). J. Bacteriol 181, 
3613–3617 (1999).

82.  Hoehler, T. M., Albert, D. B., Alperin, M. J. & 
Martens, C. S. Acetogenesis from CO2 in an anoxic 
marine sediment. Limnol. Oceanogr. 44, 662–667 
(1999).

83.  Preston, C. M., Wu, K. Y., Molinski, T. F. & DeLong, E. F. 
A psychrophilic crenarchaeon inhabits a marine sponge: 
Cenarchaeum symbiosum gen nov, sp, nov. Proc. Natl 
Acad. Sci. 93, 6241–6246 (1996).

84.  Boone, D. R. & Castenholz, R. W. (eds) Bergey’s 
manual of systematic bacteriology (Springer, New 
York, 2001).

85.  Rospert, S., Linder, D., Ellermann, J. & Thauer, R. K. 2 
Genetically distinct methyl-coenzyme M reductases in 
Methanobacterium thermoautotrophicum strain 
marburg and delta-H. Eur. J. Biochem. 194, 871–877 
(1990).

86.  Conrad, R. & Wetter, B. Influence of temperature on 
energetics of hydrogen metabolism in homoacetogenic, 
methanogenic, and other anaerobic bacteria. Arch. 
Microbiol. 155, 94–98 (1990).

Acknowledgements
R.C. Valentine assisted in developing ideas about membrane 
function. C. Francis, J. Perona, M. Facciotti and C. Schleper 
provided useful comments on the manuscript. Support from 
the US National Science Foundation contributed to the 
formulation of this work.

Competing interests statement
The author declares no competing financial interests.

DATABASES
The following terms in this article are linked online to:
Entrez Genome Project: http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db=genomeprj
Salinibacter ruber

FURTHER INFORMATION
David L. Valentine’s homepage: http://www.geol.ucsb.edu/
faculty/valentine/
List of prokaryotic names with standing in nomenclature: 
http://www.bacterio.net
Access to this links box is available online.

P E R S P E C T I V E S

NATURE REVIEWS | MICROBIOLOGY  VOLUME 5 | APRIL 2007 | 323

© 2007 Nature Publishing Group 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


