
The Archaea are a unique and interesting group of 
organisms that are clearly distinguishable from the 
domains of the Bacteria and the Eukarya (originally pro-
posed as ‘Eucarya’)1,2. First and foremost, the Archaea 
are critical for evolutionary studies probing the origins 
of life, with the discovery of the third domain prompting 
robust debate about the course of evolution on Earth. 
The Archaea are also immediately recognizable as  
‘extremophiles’. Although not all extremophiles are mem-
bers of the Archaea3 (and not all archaea are extremo-
philes), many archaeal species are prevalent in extreme 
environments and they hold a disproportionately high 
number of the records for growth and survival under 
many ecological extremes4. As a result of their extremo-
philic nature and their role in the evolution of life, the 
properties of archaea have stimulated the astrobiology 
community to expand their horizons in the search for 
extraterrestrial life (BOX 1).

The Archaea are characterized by several distinguish-
ing traits, including the incorporation of ether-linked 
isoprenoid lipids with a glycerol-1-phosphate back-
bone, and they are the only life forms known to carry 
out methanogenesis to produce biological methane 
(TABLE 1). However, the Archaea share traits with both 
the Bacteria and the Eukarya: they have information- 
processing systems (for example, for DNA replica-
tion, transcription and translation) in common with 
the Eukarya and metabolism in common with the 
Bacteria. The unique and shared traits of the Archaea 
have stimulated a broad range of mechanistic and 
evolutionary studies that have attempted to rationalize 
the occurrence of these traits5,6. By providing stable 
homologues and simplified cellular systems (such as 

the archaeal transcription apparatus), the study of 
archaeal proteins has accelerated our understanding  
of eukaryotic cell biology (BOX 1).

The Archaea have traditionally been grouped into 
methanogens, extreme halophiles (haloarchaea) and 
thermoacidophiles. The methanogens are found in 
anaerobic marine and freshwater environments and 
in the gastrointestinal tracts of animals, where they 
participate in the conversion of organic matter by uti-
lizing the metabolic products of bacteria (for example, 
CO2, H2, acetate and formate) and other simple methyl 
compounds that are available in the environment (for 
example, methylamines and methanol) and convert-
ing them into methane (CH4). Haloarchaea reside in 
hypersaline environments (such as salterns, lakes and 
the Dead Sea), where they grow as heterotrophs, often in 
association with phototrophic algae. Thermoacidophiles 
(including hyperthermophiles, which grow fastest at 
temperatures above 80 °C) colonize volcanic terres-
trial environments and deep-sea hydrothermal vents, 
growing aerobically or anaerobically as heterotrophs 
or autotrophs, and often deriving energy by sulphur 
oxidation or reduction. In addition to these tradi-
tional groups, archaea have been found to carry out 
previously unknown functions (for example, anaero-
bic methane oxidation and aerobic ammonia oxida-
tion) and to colonize vast reaches of the planet (for 
example, throughout the world’s oceans). As a result 
of their diverse functional capacities, including unique 
specialities, and their ubiquitous abundance on Earth, 
the critical roles that the Archaea have in driving glo-
bal biogeochemical cycles and, hence, maintaining the 
health of the planet are now clearly recognizable.
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Domain
The highest level of taxonomic 
division; the three domains are 
the Archaea, Bacteria and 
Eukarya. In descending order, 
the other levels include: 
kingdom, phylum, class, order, 
family, genus and species.

Extremophile
An organism that requires 
extreme environments for 
growth, such as extremes of 
temperature, salinity or pH, or 
a combination of these.

Methanogen
An anaerobic organism that 
generates methane by the 
reduction of carbon dioxide, 
acetic acid, or various 
one-carbon compounds such 
as methylamines or methanol.

Halophile
An organism that requires high 
concentrations of salt (typically 
greater than 1M NaCl) for 
growth.

Archaea — timeline of the third domain
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Abstract | The Archaea evolved as one of the three primary lineages several billion years  
ago, but the first archaea to be discovered were described in the scientific literature about 
130 years ago. Moreover, the Archaea were formally proposed as the third domain of life only 
20 years ago. Over this very short period of investigative history, the scientific community has 
learned many remarkable things about the Archaea — their unique cellular components and 
pathways, their abundance and critical function in diverse natural environments, and their 
quintessential role in shaping the evolutionary path of life on Earth. This Review charts the 
‘archaea movement’, from its genesis through to key findings that, when viewed together, 
illustrate just how strongly the field has built on new knowledge to advance our 
understanding not only of the Archaea, but of biology as a whole.
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Thermoacidophile
An organism that requires  
high temperatures (typically 
greater than 60 °C) and a low
pH (typically less than pH 3)  
for growth.

Heterotroph
An organism that uses organic 
compounds as nutrients to 
produce energy for growth.

Phototrophic
Pertaining to the growth of an 
organism: able to use sunlight 
to generate energy for growth.

Hyperthermophile
An organism that requires 
extremely high temperatures 
(typically greater than
80 °C) for growth.

Autotroph
An organism that can grow 
on carbon dioxide as a sole 
source of carbon.

By studying the Archaea, numerous oddities have 
also been discovered. For example, the first square-
shaped free-living microorganism discovered was a 
haloarchaeon that was found in 1980 (REF.  7). However, 
the conditions that are suitable for isolating and cul-
tivating this square haloarchaeon, Haloquadratum 
walsbyi, were not identified until 2004 (REF.  8). This in 
itself is somewhat ironic, given that the ability to grow 
haloarchaea aerobically on solid medium makes them 
the easiest phenotypic group of archaea to grow and 
manipulate9. Perhaps the most striking conundrum is 
the lack of any known archaeal pathogen for any animal 
or plant10. No single reason has been described that can 
account for this observation. methanogens exist in the 
human gastrointestinal tract at concentrations of up 
to 1010   per gram of stool sample, and they have been 
associated with colorectal and periodontal disease10. 
However, other than an association with a disease 
state11, no member of the Archaea has been shown (for 
example, by Koch’s postulates) to be the primary cause 
of an animal or plant disease. Perhaps by providing 
an improved understanding of archaeal diversity and 
of the archaeal interactions with other microorgan-
isms (including viruses and phages) and their hosts, 
meta genome programmes such as the uS National 

Institutes of Health metagenomics Analyses of the Oral 
microbiome and the human gut12 and bovine rumen13 
metagenome projects may in the future provide clues 
about the capacity of archaea to be pathogens.

This review reflects on how far and how rapidly 
the field of biology has grown through studies of the 
Archaea. There is a wealth of discovery that, when con-
nected across the years and decades through a time-
line of the third domain, reveals important scientific 
themes, insightful individuals and a strong culture of 
acceptance of work outside the box (TIMELINE). The lim-
ited examples chosen here are an attempt to illustrate 
the essential foundation studies that defined the exist-
ence and subsequent phylogeny of the Archaea, while 
also covering select seminal advances from studies of 
the methanogens, haloarchaea and thermoacidophiles 
that helped to put the Archaea on the biological map. 
This review attempts to cover a balance of historical 
precedent and contemporary advancement, to highlight 
the part that technological development has played 
in advancing the field and to cite emerging fields of 
importance (such as archaea in the cold biosphere).

Identification of the Archaea as the third domain

“The time will come I believe, though I shall not 
live to see it, when we shall have very fairly true 
genealogical trees of each great kingdom of nature.”

Charles Darwin, letter 2143 to Thomas Huxley 
(26 Sep 1857)14. 

The discovery of the Archaea as a distinct domain of 
life arose through studies led by Carl woese in the late 
1960s, which aimed to determine how cellular life had 
evolved to the forms presently existing on Earth15,16. 
At this time in biology, evolutionary studies tended to 
focus on metazoan life, and the macromolecules used 
for phylogenetic evaluation were proteins, such as 
haemo globins17,18. Instead, woese investigated whether 
nucleic-acid markers (more specifically, ribosomal 
rNA (rrNA) sequences) could be used to define phylo-
genetic relationships, with the aim of constructing 
a universal tree of life — one that incorporated all  
cellular life19,20.

Although he wanted to examine the evolution of 
bacteria, rather than attempt to define taxonomic sub-
groups based on a preconception that bacteria were 
phylogenetically cohesive (as they were classified at the 
time), woese focused on learning about the evolution 
of life as a whole21. By choosing an analytical approach 
to evaluate evolution across all species, a new view  
of life emerged20 that recognized that all known cellular 
life contained functionally and structurally conserved  
small-subunit rRNA (SSu rrNA; 16S rrNA in the Bacteria 
and the Archaea) and was therefore likely to have evolved 
from a common ancestor. Strikingly, the resulting uni-
versal tree of life described three distinct taxonomic 
divisions (‘archaebacteria’, ‘eubacteria’ and ‘urkaryote’)20, 
and in 1990 these were formally proposed as the three 
domains, ‘Archaea’, ‘Bacteria’ and ‘Eucarya’22. until 

 Box 1 | Research motivated by archaeal extremes

• Fundamental research assessing molecular, physiological and evolutionary 
mechanisms of adaptation. This represents a core theme in archaeal studies that 
continues today. Studies were driven by the intrigue of novel biochemical pathways 
(for example, methanogenesis) and the ability of cellular components to function 
effectively under extreme conditions (for example, hyperthermophiles at 
temperatures ≥100 ºC, acidophiles at pH ≈ 0, and haloarchaeal proteins in 3–5 M 
intracellular KCl)4.

• Archaea as surrogates of eukaryotes, using archaeal proteins (particularly from 
hyperthermophiles) for the purpose of determining the structural properties or 
function of proteins while avoiding the relative instability of eukaryotic proteins  
and complexity of eukaryotic systems. A good example of the success of this approach 
is the solving of the crystal structure of the archaeal RNA polymerase, which is 
structurally and functionally similar to RNA polymerase II from the Eukarya149.

• Biotechnological efforts aimed at exploiting cellular components with intrinsic 
properties that are reflective of extreme conditions. This is well illustrated by  
the genome-sequencing programme for the hyperthermophilic methanogen 
Methanocaldococcus jannaschii (formerly known as Methanococcus jannaschii)58,  
which was anticipated to be useful for generating renewable energy and synthetic 
chemicals, as well as a vehicle for the concentration and clean-up of toxic wastes.  
The value of learning about the mechanisms of adaptation and the novel properties  
of archaea for defining biotechnological exploitation has been described for a 
range of archaea and extremes150–153.

• Astrobiological studies that use knowledge of extremophiles to guide exploration 
for past or present extraterrestrial life and possibly for use in terraforming154–157.

• Origin-of-life studies that reflect on the fact that hyperthermophiles have deep 
branching points and short branch lengths in the universal tree of life, consistent 
with early lifeforms having a hyperthermophilic, chemolithotrophic lifestyle (see, 
for example, REF. 158). Studies extend to considerations about the emergence of the 
three domains from prebiotic conditions, including the hypothesis that life evolved in 
microcompartments within structured hydrothermal vents in which FeS precipitates at 
temperatures suitable for biological life159. The carbonate chimneys of the Lost City 
Hydrothermal Field serve as a useful model for this view of life’s evolution160. This is 
a contentious topic, with archaea often taking centre stage in discussions (see, for 
example, REF. 161).
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Small-subunit rRNA
The ribosome is the core 
biological machine of the 
translation apparatus and is 
essential for converting the 
genetic code described in DNA 
and mRNA into protein. 
Ribosomal RNA (rRNA) is the 
RNA component of the 
ribosome and forms two 
subunits, the small subunit 
(SSU) and the large subunit. 
SSU rRNA is highly conserved 
in all cellular forms of life and is 
commonly used for describing 
the phylogeny of organisms.

Lateral gene transfer
Horizontal transfer of genes 
between unrelated species, as 
opposed to vertical inheritance 
within a species.

woese determined the first SSu rrNA sequence data 
(for a methanogen), archaea — which, like bacteria, lack 
a nucleus — were ‘simply’ considered to be bacteria; the 
discovery was so surprising, it even stunned woese23.

The implications of these findings stimulated fevered 
debate concordant with the paradigm shift that they rep-
resented for all biology — the revelation being that a 
fundamental taxonomic division of life (archaeabacte-
ria) existed that had evolved as a distinct lineage from all 
other cellular life and that was recognizable by molecular 
signature (SSu rrNA) alone, independently of the ecol-
ogy, cellular morphology or growth characteristics of the 
life form. However, one notable feature of the discovery 
of the Archaea as a separate domain is that although this 
view was challenged (for example, see REFS 24,25), debate 
soon shifted to the nature of the relationships between 
domains (such as whether the Archaea are more related 
to the Bacteria or the Eukarya), to the subtleties of 
intradomain branching and to the coherence of the pro-
posed subdivision kingdoms. In effect, even the strong-
est doubters came to terms with the fact that it was only 
prejudice that supported their view.

Nonetheless, on reading testaments about the chal-
lenges of the time23,26–28, it is clear that interpreting the 
universal tree of life based on SSu rrNA sequences 
was contentious. The field moved forwards in part 
due to phylo genetic studies that used conserved protein 
sequences. In particular, analyses of paralogous pairs of 
genes (for example, those encoding translation elongation 
factors)29,30 not only described the topology of the universal 
tree of life, but also provided a means of rationalizing the 
branch points between the domains at the root of the tree. 
Such phylogenetic analyses presented a similar view of the 
universal tree of life to that obtained by the analysis of 
SSu rrNA, but the advent of whole-genome sequencing in 
the mid 1990s provided a powerful new way to consider 
evolution. In essence, genomics provided clarification 
about the evolutionary path and lineage coherence of the 
Archaea, as well as supplying a gene inventory describ-
ing the functional characteristics of the Archaea relative  
to the Eukarya and the Bacteria (BOX 2).

As a result, and particularly in view of ‘the shaking 
the universal tree of life has taken’, it is more than fair 
to say that the efforts initiated and continued by woese 

and colleagues (see, for example, REFS 31,32) have made 
a profound impact on the scientific community by intro-
ducing the existence of the three domains and, hence, 
changing our understanding of the evolution of cellular 
life on Earth. It is therefore with the benefit of hind-
sight, and of being witness to the seminal advances in 
discovering and defining the Archaea, that it is possible 
to reflect on some of the interesting findings about the 
third domain.

The rapid and continued growth in the publication 
output over the past 60 years (18,452 entries in Pubmed 
for ‘archaea’; accessed 6 August 2010) and the growth in 
the amount of DNA sequence data available (216,240 
non-redundant reads for archaea in the latest release of 
refSeq) provide a good perception of the healthy interest 
in studies of the Archaea (FIG. 1).

Lessons from aminoacyl-tRNA synthetases
The core components of the translation apparatus 
(rrNAs, ribosomal proteins, translation initiation fac-
tors and translation elongation factors) have highly 
conserved sequences across all domains of life, hence 
the use of SSu rrNA sequences for inferring the 
universal tree of life. Aminoacyl-trNA synthetases 
(aarSs) catalyse the formation of cognate aminoacyl-
trNAs and are therefore essential for the translation 
process. However, unlike the core components that 
must work cooperatively in very precise ways, indi-
vidual aarSs interact with only a small subset of the 
trNAs and essentially function in isolation in the cell33. 
mirroring the selection pressures on these different 
parts of the translation apparatus, the core compo-
nents produce a common universal tree of life show-
ing the accepted view of the three domains, whereas 
aarSs tend to show a different topology consistent with 
lateral gene transfer (lGT), including possible transfer 
from extinct lineages33. rationalizing the evolution 
of the genetic code, and the phylogenies of the aarSs 
and the core components of the translation apparatus, 
has been a critical step for developing views about  
the evolution of life, particularly those concerning the 
roles of vertical versus lateral transmission of genes 
and the temporal considerations of when particular  
evolutionary events occurred31–37.

Table 1 | Selected traits of the Bacteria, Archaea and Eukarya*

Trait bacteria Archaea Eukarya

Carbon linkage of lipids Ester Ether Ester

Phosphate backbone of lipids Glycerol‑3‑phosphate Glycerol‑1‑phosphate Glycerol‑3‑phosphate

Metabolism Bacterial Bacterial‑like Eukaryotic 

Core transcription apparatus Bacterial Eukaryotic‑like Eukaryotic

Translation elongation factors Bacterial Eukaryotic‑like Eukaryotic

Nucleus No No Yes

Organelles No No Yes

Methanogenesis No Yes No

Pathogens Yes No Yes

*The occurrence of a trait is for the majority of cases (not necessarily absolute) — for example, haloarchaea often possess 
organelles in the form of gas vesicles, but most archaea possess no organelles.
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Bootstrap value
A computationally derived 
measure of confidence about 
tree topology: the closer the 
bootstrap value is to 100, the 
more confidence we can have 
in the topology of the tree.

Monophyletic
Pertaining to a natural 
taxonomic group or clade: 
consisting of individuals that 
share a common ancestor.

The archaeal phylogenetic tree
By bypassing the need to obtain axenic cultures of 
microorganisms and applying SSu rrNA gene sequence 
analysis to environmental samples, Norman Pace dem-
onstrated that an enormous diversity of previously 
unknown archaeal (and bacterial) species existed in 
the environment28. This approach expanded data sets 
describing the presence and type of archaea in the bio-
sphere38,39. SSu rrNA gene sequences remain the 
accepted standard for describing the phylogeny of  
the Archaea39. Since the early studies, it was recognized 
that subdivisions within the Archaea could be defined, 
and in the original description of the three domains, 
the kingdoms Crenarchaeota and Euryarchaeota were 
described22. Since this time, new kingdoms have been 
proposed based on the discovery of new isolates or new 
SSu rrNA sequences, including the Nanoarchaeota40, 
Korarchaeota41 and, most recently, Thaumarchaeota42. 
Interestingly, the Nanoarchaeota, as represented by 
Nanoarchaeum equitans, were originally identified  
by microscopy but could not be classified as part of any 

domain, because the SSu rrNA probes were not suffi-
ciently similar to be able to hybridize40. It was only after 
shotgun sequencing of the genome and subsequent iden-
tification of the 16S rrNA gene that N. equitans could 
be classified as a member of the Archaea, and a new 
kingdom was proposed40. with the SSu rrNA sequence 
known, N. equitans and other species were subsequently 
identified in many other locations and environments 
around the globe43.

As the SSu rrNA database grows, the archaeal phylo-
genetic tree will continue to be re-evaluated. Chuck 
robertson has generated a new, statistically supported 
overview of the archaeal tree using maximum likeli-
hood for tree construction and collapsing branches with  
bootstrap values of less than 60% (FIG. 2). The tree reveals 
a monophyletic clade for the Crenarchaeota that incorpo-
rates both the ‘Korarchaeota’ and the ammonia oxida-
tion clade representing the proposed ‘Thaumarchaeota’. 
The Euryarchaeota clade consists of nine subclades that 
include the ‘Nanoarchaeota’, haloarchaea, the order 
Thermoplasmatales and several groups of methanogens, 
as well as sequences for diverse uncultivated archaea. 
The tree is similar to that reported in 2005 (REF. 44) and 
to that presented by Pace using sequences available in 
2008 (REF. 39). As a broad overview, the tree describes at 
least two evolutionary paths with the basal radiation still 
to be resolved (and, no doubt, pondered and debated).

From methanogens and methane to oxygen
methane has been used as a flammable gas for at least 
3,000 years, and in the 1770s Alessandro volta demon-
strated that methane trapped in marsh sediments could 
be released, collected and combusted45. However it was 
not until 1906 that N. l. Sohngen — working in martinus 
Beijerinck’s laboratory, where the ability of rhizospere 
bacteria to fix nitrogen was studied — described a meth-
ane-using bacterium (Methylomonas methanica) and 
methanogenic ‘bacteria’ (REFS 46–48). Subsequent studies 
on methanogens were carried out throughout the 1930s 
by Cornelius van Neil and Horace Barker49–50, and in 

 Box 2 | Role of sequencing in archaeal phylogeny

It is enlightening to reflect on just how important technological advances in DNA 
sequencing were for influencing the field of archaeal biology. In the same way that 
nucleic acid-sequencing technologies provided the first and subsequent wealth of 
small-subunit ribosomal RNA gene sequence data (both for individual isolates and 
for surveys of uncultivated communities38), shotgun genome sequencing has 
provided a quantum increase in the available sequence information for individual 
microorganisms (the one-thousandth genome, for Methanocaldococcus vulcanius 
str. M7, was completed in October 2009 (REF. 162)), enabling phylogenomic 
evaluation of these organisms6,163. These analyses have generated a new level of 
understanding about genome evolution, in particular highlighting the role of 
lateral gene transfer in shaping existing genomes31. However, although genomic 
studies (and, more recently, metagenomic studies of whole-environmental 
samples) have identified issues pertaining to defining a species, and have even 
raised questions about the concept of a species164, they have nonetheless 
consolidated the original view of the three domains of life39,165. Moreover, they 
have demonstrated conclusively that the Archaea are neither types of bacteria 
(that is, ‘archaebacteria’) nor sensibly considered ‘prokaryotes’ (REFS 161,166). 

Timeline | Milestones in 130 years of research into the Archaea

1880 1936 1962 1970 1971 1972 1974 1975 1977 1980 1982 1984 1987 1988 1989 1990 1992 1996

Methanogens 
are isolated49–51

The first member 
of the Archaea  
is described — 
an extreme 
halophile76,77

Ether‑linked 
lipids are 
discovered in 
haloarchaea78

Bacteriorhodopsin 
is discovered in 
haloarchaea81

The 
high‑resolution 
electron 
microscopy 
structure of 
bacteriorhodopsin 
is obtained83

SSU rRNA sequences 
reveal that there are 
two distinct clades 
(Crenarchaeota and 
Euryarchaeota) within 
the third domain80;  
a square‑shaped 
haloarchaeon is 
discovered7

Archaea are found 
to fix nitrogen 
(methanogens)53,54

An antarctic 
haloarchaeon 
is isolated136

The third 
domain, 
Archaea, is 
formally 
proposed22

The first 
complete 
genome 
sequence is 
obtained, of a 
methanogen58

Carl Woese investigates 
the evolution of cells, 
focusing on the 
translation mechanism15; 
ether‑linked lipids  
are found in a 
Thermoplasma sp.122,123

Ether‑linked lipids 
are detected in a 
Sulfolobus sp.124,125

An archaeal virus 
is discovered in a 
haloarchaeon97

SSU rRNA 
sequences reveal 
the identity of the 
third domain20

Growth at >100 ºC 
is seen for a 
Pyrodictium sp.126

Natural gene 
transfer is 
discovered in a 
methanogen 114

Natural gene 
transfer is  
seen in 
haloarchaea111

Molecular signatures 
are described for 
marine archaea132,133; 
an antarctic 
methanogen is 
isolated137

SSU rRNA, small‑subunit ribosomal RNA.
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Reverse methanogenesis
The methanogenesis pathway 
functioning in reverse to 
consume methane and 
produce cellular carbon and 
energy; this process leads to 
the anaerobic oxidation of 
methane.

1940 Barker described one of the first axenic cultures of 
a methanogen51. methanogens were subsequently found 
to have novel lipids52 and were the crucial subjects in 
the initial SSu rrNA sequencing studies, carried out  
in 1976, that ushered in the discovery of the Archaea as 
the third domain19. The ability of several archaea to fix 
nitrogen was also first discovered in methanogens53,54.

The microbiology and biochemistry of methano-
genesis have been actively investigated since the 1970s, 
and important discoveries have been made about 
the unique enzymes and cofactors involved (such 
as co enzymes F420, F430, B and m, as well as methano-
furan, tetrahydromethanopterin and their associated 
bio synthesis pathways45,55). Studies in this field, which 
continue today (see, for example, REFS 56,57), were chal-
lenging owing to the need for strict anaerobic growth 
conditions and the requirements of the enzymes for unu-
sual elements (for example, Co, w, mo, Ni). The 1990s 
saw the advent of shotgun genomics, including the third 
complete genome sequence — that of Methanocaldococcus 
jannaschii (formerly Methanococcus jannaschii)58 — soon 
followed by proteomic and transcriptomic studies of glo-
bal gene expression. These studies provided a new level 
of insight into the mechanisms of cell function, adapta-
tion and evolution (such as gene expression, metabolism 
and mobile genetic elements). Advances in recombinant 
DNA techniques ultimately enabled integrated eco-
logical studies that incorporated fluorescence in situ 
hybridiz ation, sequencing of marker genes (such as the 
genes encoding SSu rrNA and methyl-Com reductase 
I subunit alpha (mcrA)), metagenomics and a range of 
geochemical data (for example, stable-isotope probing 
(SIP) to examine the interconversion of 14CO2–

14CH4) to 
derive greatly expanded views of the biological cycling 
of methane and associated one-carbon compounds. It is 
noteworthy that the ways in which studies of methano-
gens progressed throughout these decades were echoed 
in studies of other archaea; in essence, studies of the 
Archaea were tied to, and often drove the development 
of, technological advances in the biosciences.

Since the discovery of methanogens and their 
capacity to produce methane, it has been determined 
that biological methane constitutes ~85% of global 
methane levels. methane is an important greenhouse 
gas, as it has 21 times the global-warming potential 
of CO2, although it persists with a shorter half-life. As 
the simplest carbon compounds, with only one carbon 
atom, the atmospheric concentrations and ratios of the 
reduced (CH4) and oxidized (CO2) forms of methane 
have a major influence on the global carbon cycle and, 
ultimately, the survival of individual species.

Although methane can be oxidized aerobically by 
methanotrophic bacteria, the bulk of methane oxidation, 
which occurs primarily in the ocean, seems to take place 
anaerobically in association with sulphate reduction (for 
example, in sediments and methane hydrates on the sea 
floor)59,60. In attempting to understand the anaerobic oxi-
dation of methane (AOm)60,61, novel groups of methano-
trophic euryarchaeota have been identified (for example, 
ANmE-1, ANmE-2 and ANmE-3)62–64, pathways for 
reverse methanogenesis have been investigated65,66, links 
have been made between AOm and the global nitrogen 
cycle through a discovered ability of consortia to fix nitro-
gen67, and AOm has been inferred to have possibly played 
a part in the biological cycling of carbon in an ancient 
anoxic biosphere68. A striking example of serendipitous 
discovery comes from studies that first described the 
ANmE-3 clade and the AOm linked to denitrification69. 
Subsequent research determined that denitrifying bacteria 
could carry out AOm in the absence of archaea70. This 
then led to the discovery that nitrite-driven AOm could 
be carried out by oxygenic bacteria71. using metagenom-
ics and SIP, denitrification was shown to lead to AOm via 
the conversion of NO to N2 and O2 (REF. 71). The study 
has interesting implications for the evolution of early life, 
as it indicates that some oxygen may have been able to be 
produced under otherwise anaerobic conditions.

Pyrrolysine: a new amino acid
Another important discovery that heralded from the 
methanogens was pyrrolysine72. This twenty-second 
amino acid (after selenocysteine as the twenty-first) is 
incorporated at a uAG amber stop codon in the methyl-
amine methyltransferases of some methanogens in the 
order methanosarcinales72,73, and it is thought to enable 
the transfer of a methyl group from the catalytic site of the 
methyltransferase to the cobalt atom of an associated 
corrinoid protein74. Pyrrolysine has also been shown to 
be incorporated in a trNAHis guanylyl transferase of a 
methanogen75. At least 11 organisms encode pyrrolysine, 
including two unrelated species of non-methanogenic 
bacteria75. The evolution of the pyrro lysine system has 
contributed to the debate about the evolution of aarSs 
and the role of lGT35–37.

Haloarchaea: from viruses to bacteriorhodopsin
Haloarchaea are notable for several important discov-
eries. The first report of an archaeal isolate in the sci-
entific literature seems to have been in 1880, when a 
species of Halococcus, referred to as Sarcina morrhuae, 
was described76,77. The characterizations of haloarchaeal 
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lipids78,79 and SSu rrNA80 were particularly important 
for identifying the traits that distinguish the Archaea 
from the Bacteria (see below).

A great deal of interest in haloarchaea was generated 
from the discovery of the purple pigment bacterio-
rhodopsin in 1971 (REF.  81), followed by the demonstra-
tion that it functioned as a light-driven proton pump82,83 
to facilitate light-dependent chemotaxis84. Subsequent 
studies described the structural mechanisms for the 
translocation of protons in bacteriorhodopsin85 and of 
chloride in the related halorhodopsin86, a discovery that 
contributed greatly to discussions about the evolution of 
light-sensing mechanisms in rhodopsin systems87.

The high-resolution electron microscopy structure 
of bacteriorhodopsin, obtained in 1975, was a land-
mark in membrane protein science, revealing seven 
transmembrane helices83. Sequence relationships show 
that bacterio rhodopsin is a member of a large family of 
membrane proteins that includes the G protein-coupled 
receptors (GPCrs). The first GPCr crystal structure, 
that of human β2 adrenergic receptor, was determined 
32 years later88. until then, the bacteriorhodopsin struc-
ture was the basis for models of the GPCrs, having a 
notable impact on human health, as the GPCrs represent 
~30% of the targets of medicinal drugs89.

From around 2000, the broad ecological importance 
of the light-harvesting pigments took on a new emphasis 
owing to the discovery of proteorhodopsins in marine 
Proteobacteria90–92 and subsequently in marine members 
of the Euryarchaeota93, the latter contributing further 
to the debate about the role of lGT in the evolution of 
these light-harvesting systems. The proteorhodopsin 
studies have highlighted the functional importance of 
photoheterotrophy94,95, particularly in view of claims that 
proteorhodopsins have been identified in 13% to 80% of 
metagenomes for marine bacteria and archaea present in 
oceanic surface waters96.

The first archaeal viruses were discovered in halo-
archaea97–99, and this heralded the discovery of viruses 
with a broad range of morphologies and viruses that 
were genetically unique99,100; these viruses were found 
to infect not only members of the order Halobacteriales, 
but also members of the hyperthermophilic order 
Sulfolobales. The discovery of the haloarchaeal viruses, 
early discoveries about the physical organization of 
haloarchaeal genomes101, and subsequent genome and 
SSu rrNA gene analyses102–104 have made important con-
tributions to our current views about the evolution of 
natural microbial populations, including the roles that 
viruses can play105.

Haloarchaea have also proved to be models for sys-
tems biology studies. Building on the genome sequence 
of Halobacterium sp. NrC-1 from 2000 (REF. 102), one of 
the first transcriptomic and proteomic studies of archaea 
was published in 2002 (REF. 106). Subsequent studies used 
immunoprecipitation to characterize transcription fac-
tor-binding sites107 linked to expression data, and further 
analyses of operons108 helped to develop predictive mod-
els109 and visualization tools110 that describe environ-
mentally responsive gene-regulatory networks. These 
are pioneering advances that demonstrate approaches 
for empowering equivalent studies of other biologi-
cal systems, and they provide valuable tools for future 
research.

Genetics in the Archaea
Historically, the development of gene transfer systems 
for archaea has not been rapid, in part owing to the lack 
of selectable markers (for example, the antibiotics that 
are used to select for bacteria target cellular properties 
that are absent in archaea) and to the difficulties in cul-
turing many archaea on solid media (such as the inher-
ent challenge of manipulating slow-growing anaerobes, 
and the inability of traditional agar to remain solid at 

Figure 1 | Trends in the growth of knowledge about the Archaea. a | Annual (not cumulative) record of the term ‘archaea’ 
in PubMed (accessed 6 August 2010) for the period 1950 to 2009. b | The accumulation of DNA sequence data for archaea in 
RefSeq from June 2003 to July 2010. The taxonomic identification numbers for entries in RefSeq were used to categorize 
sequences according to the taxonomic divisions in the NCBI Taxonomy Database (Archaea, Bacteria, Eukaryota, Viroids, 
Viruses, Other and Unclassified), and the data for ‘Archaea’ were plotted against the dates of RefSeq releases 1 to 42.
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temperatures suitable for growing hyper thermophiles). 
However, the discovery of a natural gene transfer sys-
tem in haloarchaea111 led to the development of genetic 
systems that provided the means for making impor-
tant discoveries about the Archaea, such as the role 

of ubiquitin-like small archaeal modifier proteins in 
Haloferax volcanii112. Other important milestones in the 
use of genetics to study the Archaea include exploit ing  
the ability of Sulfolobus acidocaldarius to undergo cell–
cell mediated isogenic gene exchange113, and developing 

Figure 2 | Phylogenetic tree of the Archaea. The phylogenetic structure of the archaeal branch of the universal tree of 
life, derived from small‑subunit (SSU) ribosomal RNA gene sequences. Much of the archaeal phylogenetic tree is formed 
from organisms that are known only from environmental sequences, which means that many of the clade names are 
informal, often based on names applied in the initial publication of the environmental sequence or sequences that 
founded the environmental clades. The clade names used here (except for the Ammonia Oxidation Clade) follow the 
names used in the Silva 102 guide tree167. At least one sequence is provided for each clade, specified by accession 
numbers at the ends of the branches. Species for which the genomic sequences are available are shown in bold. Paper 
author and clone names are provided for published environmental sequences. This tree is based on a subsample of all 
archaeal sequences in the Silva 102 ‘SSU REF’ database. The subsample sequences were selected so that the archaeal 
sequence space was sampled at 12% to 15% intervals. One thousand maximum‑likelihood bootstrap trees were cast  
with the RAxML software168 from the subsampled sequences. The bootstrap results were annotated onto a high‑scoring 
maximum‑likelihood tree, and branches with <60% bootstrap support were collapsed to better reveal the large‑scale, 
statistically supported phylogenetic structure. This tree suggests that the Euryarchaeota clade is not monophyletic.
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Chemolithoautotrophically
Pertaining to an organism: 
able to derive energy from 
a chemical reaction 
(chemotroph) using inorganic 
substrates as electron donors 
(lithotroph) and CO2 as a 
carbon source (autotroph).

methods of transformation using CaCl2 for Methanococcus 
voltae114 and Thermococcus kodakaraensis115, polyethylene 
glycol for H. volcanii116, liposomes for some members of 
the family methanosarcinacea117, and electroporation for 
viral transfection of Sulfolobus solfataricus118. These gene 
transfer systems now facilitate various recombinant DNA 
techniques using a broad range of selection systems to 
carry out overexpression and reporter fusion assays, and 
they also enable targeted and random mutagenesis in 
haloarchaea, methanogens and thermoacidophiles119,120.

Hyperthermophiles
In the 1960s and early 1970s, in addition to stud-
ies of haloarchaea79,121, analyses of lipid composition 
were carried out on thermoacidophiles of the genera 
Thermoplasma122,123 and Sulfolobus124,125 that were isolated 
by Thomas Brock. These studies identified the presence 
of tetra-ether lipids in the thermoacidophiles, at the time 
thought to be an archaeal trait possibly involved in ther-
mal adaptation123,125. However, the SSu rrNA sequences 
revealed that the genus Sulfolobus is phylogenetically sepa-
rate (in the kingdom Crenarchaeota) from a clade that 
includes the genus Thermoplasma, the methanogens and 
the haloarchaea (collectively, the kingdom known as the 
Euryarchaeota)80. In effect, these early SSu rrNA stud-
ies showed that although archaea could be conveniently 
grouped physiologically (into methanogens, extreme halo-
philes and thermoacidophiles), the thermoacidophiles 
represented at least two major lineages of the Archaea80.

Subsequent studies of many diverse isolates and of the 
SSu rrNA sequences of environmental samples from 
aquatic and terrestrial hydrothermal regions have revealed 
the great diversity of hyperthermophilic members of the 
Crenarchaeota, as well as of species more broadly within 
the Euryarchaetoa4. Noting the wealth of axenic cultures 
of archaeal extremophiles available for study today4,126,127, 
the achievements of ralph wolfe, Otto Kandler, wolfram 
Zillig and Karl Stetter cannot be overstated. To achieve 
this success, they had to surmount the logistical challenges 
of sampling hydrothermal environments ranging from 
boiling sulphurous hot springs to deep-sea hydrothermal 
vents, to account for the fastidious growth requirements 
of previously uncultured organisms (which often involve 
culture vessels suitable for growth in complex artificial 
media that are typically acidic, anaerobic and/or under 
high hydrostatic pressure), and to overcome the inher-
ent difficulties of isolating environmental microorgan-
isms (which is a general problem, even for nonextreme 
environ ments). In essence, the field of archaeal biology 
owes a great deal of its success to individuals across the 
globe who have isolated diverse extremophilic species.

The intense interest of Stetter in hydrothermal  
systems led to the discovery of N. equitans, a symbiont,  
living within the unusually large periplasmic space of its 
archaeal host, Ignicoccus hospitalis40. N. equitans has a very 
small genome (0.49 mb) that lacks many genes necessary 
for autonomy (for example, lipid synthesis genes)128, and 
gene exchange seems to have occurred between N. equitans 
and I. hospitalis during the establishment of their appar-
ent symbiosis129. The process of producing a minimalistic 
genome set129 may have involved the localization of most of 

the N. equitans genomic information to the cytoplasm of 
I. hospitalis (forming the 1.3 mb genome of I. hospitalis). 
The energy (ATP) generation apparatus of I. hospitalis 
moved to the periplasm, which possibly benefits the 
growth of N. equitans130,131. This system is unusual in the 
archaeal domain and provides an intriguing model for 
the evolution of eukaryotic cells, which exhibit similar 
architecture and compartmentalization of their cellular 
processes.

Archaea in the cold biosphere
In 1992, efforts led by jed Fuhrman and Ed Delong 
showed that species belonging to new clades of the 
Archaea were seemingly abundant in the marine environ-
ment132,133. By demonstrating not only the presence, but 
also the abundance of archaea in such a large, diverse 
environment, these findings had an important role in rais-
ing awareness in the broader scientific community, as well 
as with the public, about the contributions that archaea 
make to natural ecosystems.

with the finding that archaea are present at a depth of 
500 m (REF. 132) and abundant at 4,750 m below the sur-
face134, archaea were shown to be important components 
of the deep, cold biosphere. Owing to the extent of the 
Earth that is represented by ocean depths and the ocean 
subsurface, as well as polar, permafrost, alpine and season-
ally cold environments, the majority of Earth’s biomass in 
fact resides at cold temperatures (≥5 ºC). within the cold 
biosphere, diverse archaea have been identified and linked 
to a broad range of microbial processes, including ammo-
nia oxidation and methanogenesis135. moreover, through 
the isolation of haloarchaea136 and methanogens137,138 
from Antarctica, and in particular through studies on 
Methanococcoides burtonii135,139, the molecular mecha-
nisms of adaptation in these organisms are gradually 
being discovered. Interestingly, although some methano-
gens can grow at subzero temperatures, including in the 
permafrost, at least one species can grow at temperatures 
up to 122 ºC135,140, making these archaea the most ther-
mally diverse type of organism known and particularly 
useful models for the study of adaptation to low and high 
temperatures.

up until 2005, hyperthermophiles and thermophiles 
were the only members of the Crenarchaeota that 
could be grown axenically. However, in 1998, marine 
members of the Crenarchaeota were characterized 
from a sponge141, shown to be abundant in the world’s 
oceans134 and predicted to be able to oxidize ammonia 
chemolithoautotrophically92,142. In 2005, David Stahl and 
colleagues isolated Nitrosopumilus maritimus from a 
temperate marine aquarium; this species can oxidize 
ammonia chemolithoautotrophically and was the first 
non-thermophilic isolate of the Crenarchaeota143. From 
genomic analysis, N. maritimus was found to be wide-
spread in the Global Ocean Survey metagenome data, 
representing ~1% of reads, on average144. The capacity 
of N. maritimus to thrive autotrophically has been linked 
to the use of a hydroxypropionate–hydroxybutyrate 
cycle, which is expected to fix CO2 more efficiently than 
the Calvin–Bassham–Benson cycle used by ammonia- 
oxidizing bacteria144. The finding that this pathway is used 
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Ammonia-oxidizing 
members of the 
Crenarchaeota
An archaeon with the ability to 
grow chemolithoautotrophi-
cally with near-stoichiometric 
conversion of ammonium 
cations (NH4

+) to nitrite ions 
(NO2

–) using carbonic acid 
(H2CO3) and ammonium (NH4) 
as the sole sources of carbon 
and nitrogen, respectively.
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