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higher stability to extreme conditions (5). Chemotrophy 
is the most widely used metabolism, although photo-
trophic members of the Halobacteriaceae can use light 
to produce ATP (6). Six families also have the unique 
 ability of obtaining energy by combining carbon diox-
ide (or other carbon compounds) and hydrogen into 
 methane (5).

7 e Superkingdom Archaebacteria, comprising 
~300 species, is subdivided into two recognized phyla, 
Euryarchaeota and Crenarchaeota (7). Two other phyla 
have been proposed based on environmental sequences 
only (Korarchaeota) and environmental sequences plus 
one fully sequenced genome (Nanoarchaeota) (8–11) but 
have not been o1  cially recognized and their phylogen-
etic position is uncertain. 7 e molecular information 
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Abstract

The Superkingdom Archaebacteria (~300 species) is divided 
into two phyla, Euryarchaeota and Crenarchaeota, with 
two other phyla (Korarchaeota and Nanoarchaeota) under 
consideration. Most large-scale phylogenetic analyses 
agree on a topology that clusters (i) Methanomicrobia, 
Halobacteria, Archaeoglobi, and Thermoplasmata and 
(ii) Methanobacteria, Methanococci, and Methanopyri. 
A molecular timetree estimated here shows divergences 
among classes in the Archean Eon, 3500–2500 million years 
ago (Ma), and family divergences in the Proterozoic Eon, 
2394–829 Ma. The timetree also suggests that methano-
genesis had arisen by the mid-Archean (>3500 Ma) and that 
adaptation to thermoacidophilic environments occurred 
before 1000 Ma.

Extremophiles are common among species in the 
Superkingdom Archaebacteria (also called “Archaea”, 
Fig. 1) (1). For example, the species referred to as “Strain 
121” can survive temperatures up to 121°C, higher than 
any other organism (2), and hyperacidophiles are found 
in the Family 7 ermoplasmataceae, where two species 
(Picrophilus oshimae and Picrophilus torridus) are the 
only known organisms capable of living at a pH as low as 
zero (3, 4). Archaebacteria show many other phenotypes 
including the unique ability to produce methane (meth-
anogenesis). 7 ey have cell wall structures formed either 
by pseudopeptidoglycan (i.e., a material similar to the 
peptidoglycan of eubacteria), polysaccharides, or glyco-
proteins (S-layer) (5), which resemble the single-layer 
structure (i.e., cell membrane plus cell wall) present in 
gram-positive eubacteria. Furthermore, archaebacteria 
have a unique cell membrane structure composed of 
ether-linked glycerol diethers or tetraethers that confer a 

Archaebacteria

Fig. 1 Halobacteria (rod-shaped Halobacterium) from Mono 
Lake, California; mixed sample (upper left); and close-up of a 
cell (upper right). Methanococci (round-shaped Methanococcus); 
Cluster of cells (lower left) and close-up of two cells (lower 
right). Credits: D. J. Patterson, provided by micro*scope (http://
microscope.mbl.edu) under creative commons license (upper 
images); and Electron Microscopy Laboratory, University of 
California, Berkeley (lower images).

Hedges.indb   101Hedges.indb   101 1/28/2009   1:25:23 PM1/28/2009   1:25:23 PM



102  THE TIMETREE OF LIFE

weaker biases given by a shorter evolutionary history), 
(ii) a lower known taxonomic diversity (e.g., nine vs. 34 
classes for archaebacteria and eubacteria, respectively) 
(7) which could mask contrasting phylogenetic sig-
nals, and (iii) speciation events more evenly distributed 
throughout time that did not result in rapid adaptive 
radiations (i.e., no or few short internal branches that are 
di1  cult to resolve phylogenetically) (14). While the geo-
logic record and molecular clock studies do not support 
the A rst hypothesis (i.e., archaebacteria and their metab-
olisms appear early in Earth’s history), it is not possible 
to discard either of the other two hypothesis as a pos-
sible cause for the apparently more stable phylogeny of 
archaebacteria.

Species of Crenarchaeota are placed in six families, 
three of which (7 ermoproteaceae, Desulfurococcaceae, 
and Sulfolobaceae) have been used in multiple-gene ana-
lyses of relationships. 7 ese analyses consistently have 
found Sulfolobaceae and Desulfurococcaceae as closest 
relatives to the exclusion of 7 ermoproteaceae, with sig-
niA cant support (14, 15, 17–19). Within Euryarchaeota, 
topological diB erences are more common depending 
on the genes and methods used to build the phylogen-
etic tree. Gene content studies, for example, show the 

available for Korarchaeota is based only on a few tens 
of environmental sequences (small subunit ribosomal 
RNA, SSU rRNA) as none of the Korarchaeota has been 
successfully cultivated. 7 e sequences available place 
this group before the Euryarchaeota/Crenarchaeota 
divergence and show the presence of A ve major clus-
ters within this putative phylum (8, 12). On the other 
hand, the genome of one species of Nanoarchaeota, 
Nanoarchaeum equitans, has been fully sequenced (13) 
and it is routinely used in multiple-gene phylogenies and 
indel analyses (9, 14–18). 7 ese studies show contrasting 
topologies for Nanoarchaeota, with some placing it basal 
to Euryarchaeota and Crenarchaeota (13), others clus-
tering it with Crenarchaeota (17, 18), and other studies 
clustering it within Euryarchaeota (9, 14, 16). 7 ese dif-
ferent phylogenetic positions aB ect the classiA cation of 
this species, which is either being considered a member 
of a new phylum (i.e., Nanoarchaeota) or a fast-evolving 
lineage of Euryarchaeota (14).

7 e phylogeny of taxa within the Phyla Euryarchaeota 
and Crenarchaeota is mostly stable. 7 ree hypotheses 
have been proposed to explain this property of archae-
bacteria that sets them apart from eubacteria: (i) a youn-
ger origin of archaebacteria compared to eubacteria (i.e., 
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genome-scale analyses with diB erent tree-building meth-
ods (supertrees, ML, Bayesian) (17, 18, 53).

All of the previous evidence points toward the pres-
ence of two main clusters within Euryarchaeota: one 
formed by the classes Methanomicrobia, Halobacteria, 
Archaeoglobi, and 7 ermoplasmata, and another 
by the classes Methanococci, Methanobacteria, and 
Methanopyri. 7 ese clusters are the same found in a 
study of sequences from 25 core proteins shared by 218 
prokaryote species (including archaebacteria and eubac-
teria) (53). In that analysis, all available species with a 
complete genome were included and a complete matrix 
of genes and species was constructed. Single gene trees 
were manually screened for orthology and vertical 
inheritance (i.e., genes not showing paraphyly of archae-
bacteria and eubacteria or signiA cantly supported deep-
nesting of one class within another). Site homology of 
the multiple sequence alignment was established with 
GBlocks (28) and nonconserved sites were deleted. ML 
(29) and Bayesian (30) methods were then applied to the 
A nal alignment (6884 sites) to estimate phylogenetic rela-
tionships. A ML phylogeny was also constructed from an 
alternative alignment with only slow-evolving positions 
(16,344 sites) and showed an identical archaebacter-
ial topology. ML and Bayesian phylogenies were found 
to be identical for archaebacteria with high bootstrap 

Class Halobacteria as a deep-diverging lineage at the 
base of Euryarchaeota and Crenarchaeota (20, 21) fol-
lowed by the Class 7 ermoplasmata, either alone or clus-
tering with Crenarchaeota. Because both Halobacteria 
and 7 ermoplasmata are classiA ed as euryarchaeotes 
(22), their phylogenetic position determines the mono- 
or paraphyly of this phylum. Multiple-gene phylog-
enies show Halobacteria as closely related to the Class 
Methanomicrobia, a derived position that is highly 
supported by maximum likelihood (ML), Bayesian, 
and supertree phylogenies with diB erent sets of genes 
(14, 17, 18, 23, 53). 7 ermoplasmata, instead, are alter-
natively supported at the base of Euryarchaeota (17, 
18) or clustering with Archaeoglobi, Halobacteria, and 
Methanomicrobia (14, 23, 53). Only this last position is 
signiA cantly supported by all analyses (Fig. 2).

Recent studies with large data sets have solved the 
issue of the position of the Class Methanopyri. 7 is 
group was initially found to be an early diverging lin-
eage within Euryarchaeota based on SSU rRNA and 
indel analyses (19, 24, 25). Later studies of the complete 
genome of its only known representative, Methanopyrus 
kandleri (26) and its translation and transcription appar-
atus (27) have shown, instead, that it is more closely 
related to other methanogens, such as the Methanococci 
and Methanobacteria. 7 is relation was conA rmed by 

Table 1. Divergence times (Ma) and their confi dence/credibility intervals (CI) among archaebacteria.

Timetree Estimates

Node Time Ref. (19) This study Ref. (32) 

Time  Time CI Time CI

1 4193 – – 4193 4200–4176 –

2 4187 4112 4486–3314 4187 4199–4163 3460

3 3594 – – 3594 3691–3503 –

4 3468 – – 3468 3490–3460 –

5 3313 – – 3313 3388–3232 –

6 3160 3085 3514–2469 3160 3257–3056 –

7 3093 3124 3520–2522 3093 3210–2968 –

8 2799 2625 3102–2037 2799 2936–2656 –

9 2430 – – 2430 2596–2256 2740

10 2216 – – 2216 2394–2034 –

11 1676 – – 1676 1875–1475 –

12 992 – – 992 1174–829 –

Note: Node times in the timetree are from this study.
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7 e distribution of methanogenesis among fam-
ilies supports multiple losses of this metabolism dur-
ing evolution (e.g., 7 ermoplasmata, Halobacteria). 
7 e common ancestor of all methanogens (Methano-
bacteriaceae, Methanocaldococcaceae, Methanococ-
caceae, Methanosarcinaceae, Methanospirillaceae, and 
Methanopyraceae) is estimated to have evolved by the 
mid-Archean regardless of the calibration used for the 
molecular clock (i.e., eukaryotic or archaebacterial) (19, 
53). 7 is early evolution of methanogenesis is not only 
in agreement with the geologic record (42) but also lends 
support to one of the hypotheses addressing the faint 
young sun paradox (43). 7 ese suggest that a greenhouse 
eB ect was present in the early history of Earth to com-
pensate for the lower luminosity of the Sun. Among the 
greenhouse gases proposed are carbon dioxide (44) and 
methane (45–47) with the latter, according to our time-
tree, being of biologic origin.

Genes involved in methanogenesis and methylotro-
phy (i.e., methanopterin and methanofuran-linked C1 
transfer genes) are shared by methanogens and at least 
two groups of eubacteria (the Phylum Proteobacteria and 
the Class Planctomycetacia) (48). Contrary to a previous 
hypothesis (49), the late divergence of the eubacterial 
Planctomycetacia (53) suggests horizontal gene transfer 
(HGT) from archaebacteria to eubacteria as a possible 
cause of their current distribution. An alternative pos-
sibility is the presence of this pathway in the ancestor of 
eubacteria and archaebacteria. 7 is cannot be discarded 
with the current information, especially in light of the 
recent discovery of these genes in yet to be classiA ed lin-
eages (49, 50).

Another ecological innovation that evolved in 
 archaebacteria is the adaptation to thermoacidophilic 
environments (i.e., pH < 3; temperature > 50°C). Strict 
thermoacidophiles are present only in the Class 7 er-
moplasmata (Families 7 ermoplasmataceae, Ferroplas-
maceae, and Picrophilaceae) and some 7 ermoprotei 
(e.g., Sulfolobaceae) (51, 52) with evidence for exten-
sive HGTs between these two classes. Because the only 
 representative of 7 ermoprotei is a member of the 
Family Sulfolobaceae, it is not possible to constrain the 
time estimate for this metabolism with an upper limit. 
 However, the divergence of 7 ermoplasmataceae and 
Picrophilaceae at 992 Ma (1174–829 Ma) sets a minimum 
time for the origin of this metabolism.

Compared to the Superkingdom Eubacteria, the 
Superkingdom Archaebacteria is not as well known in 
terms of its taxonomic and environmental diversity. 
Nonetheless, the current timetree shows an early origin 

values (>70%) for the majority of the nodes and are also 
identical to previous studies, except for the position of 
Nanoarchaeota (14).

As is the case for eubacteria, there have been very 
few molecular clock studies applied to archaebacteria 
(19, 31–33). For this reason, we estimated divergence 
times (Table 1) and constructed a molecular timetree 
(Fig. 2) for 12 families and one phylum with a Bayesian 
timing method (34) and using the only two calibra-
tion points available within this superkingdom: (i) a 
minimum of 3460 million years (Ma) for the origin of 
methanogenesis based on isotopically light carbon (23, 
35) and (ii) a maximum of 4200 Ma for the A rst diver-
gence within archaebacteria based on the midpoint 
of the range of the last ocean-vaporizing impact (36). 
Besides the initial evidence for biological methane 
production at 3460 Ma, there is additional evidence 
for that metabolism later in the Archean, at ~2700 Ma 
(37–41). 7 e topology of the timetree is taken from our 
latest phylogenetic analysis of sequences from 25 core 
proteins (53), although it is similar to earlier studies of 
complete genome sequences (e.g., 19). Divergence times 
from another study (32), using SSU rRNA sequences, 
a global clock method, a single calibration point, and 
uncorrected distances, are shown for comparison at 
 relevant nodes in Table 1.

Although we estimate an early divergence between 
Crenarchaeota and Euryarchaeota (4187, 4199–4163 
Ma), all divergences among classes are later in the 
Archean (3500–2500 Ma), with the divergence of 
Halobacteria and Methanomicrobia occurring near the 
Archean–Proterozoic boundary (2430; 2596–2256 Ma). 
7 e Phylum Nanoarchaeota is basal to all archaebac-
teria in our phylogeny and its divergence from other 
archaebacteria is estimated at 4193 Ma (4200–4176 
Ma). However, given its uncertain phylogenetic position 
this time estimate should be considered with caution. 
Only three classes (Methanomicrobia, Methanococci, 
and 7 ermoplasmata) have representatives of more 
than one family. 7 ese family-level divergences are 
within the Proterozoic, between 2216 and 992 Ma (CI, 
2394–829 Ma).

7 e deepest branches of both Crenarchaeota and 
Euryarchaeota are occupied by hyperthermophilic 
organisms. Although our knowledge of the diversity 
of archaebacteria is limited and it is possible that mes-
ophilic deep-branching species will be discovered, the 
current phylogenetic pattern suggests that the ancestor 
of this superkingdom was adapted to high temperature 
environments.
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of these lineages and evolutionary innovations (e.g., 
methanogenesis) that are likely to have played a funda-
mental role in the habitability and colonization of the 
planet.
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