
The RNA component of the small subunit of the ribos-
ome (referred to here as SSU rRNA) has been the ‘Rosetta 
stone’ of modern evolutionary studies1. In particular, the 
discovery of the archaeal domain and establishment of  
the evolutionary relationships between archaeal species 
were based entirely on rRNA studies2–5. These analyses 
led to the proposal that the archaeal domain should be 
divided into two phyla, the Euryarchaeota (from the Greek 
‘euryos’, meaning diversity) and the Crenarchaeota (from 
the Greek ‘crenos’, meaning spring or origin)6. At that time, 
the Euryarchaeota included a mixture of methanogens, 
extreme halophiles, thermoacidophiles and a few hyper-
thermophiles. By contrast, the Crenarchaeota included only 
hyperthermophiles (hence their name, which refers to a 
‘hot origin of life’ hypothesis). This division of the Archaea 
was rapidly accepted, because it had been observed in 
the early days of archaeal research that Sulfolobales and 
Thermoproteales (two hyperthermophilic crenarchaeota 
orders) are fundamentally different to other archaea in 
terms of their SSU rRNA oligonucleotide catalogues7 and 
RNA polymerase structures8.

More recently, genomic data9 and gene phylogenies 
that have been obtained from combined datasets10–12 
have also confirmed the division of the Archaea into 
two main lineages, although Euryarchaeota are some-
times paraphyletic in whole-genome trees, probably 
owing to artefacts that have been introduced by hori-
zontal gene transfer (HGT) from bacteria13,14. Several 
genes that are involved in key cellular processes in 

the Euryarchaeota lack homologues in all hyperther-
mophilic crenarchaeota for which complete genome 
sequences are available15–18. For example, there are 
no homologues of the DNA polymerase from the 
D family19 and the cell-division protein FtsZ20 in 
hyperthermophilic crenarchaeota, both of which 
are present in all sequenced complete euryarchaeal 
genomes. Furthermore, this group of organisms lacks 
homologues of the eukaryotic-like histone21 and the 
protein MinD (involved in chromosome and plasmid 
partitioning15), both of which are present in most 
sequenced euryarchaeal genomes. This indicates 
that important differences in main cellular processes 
were established shortly after the speciation of the 
Euryarchaeota and Crenarchaeota14.

The discovery of mesophilic crenarchaeota
More than 20 years ago, direct PCR amplification of genes 
that encode the SSU rRNA from environmental samples 
gave rise to molecular ecology22. One of the major early 
outcomes of this new discipline was the discovery of many 
novel lineages of mesophilic or psychrophilic archaea23,24 
(reviewed in REFS 25,26). The first environmental archaeal 
sequences were detected in marine environments, and 
were clearly separated into two groups (named group I 
and group II) in an SSU rRNA tree that was rooted by 
a bacterial outgroup23. Group I formed a sister group of 
hyperthermophilic crenarchaeota, whereas group II 
emerged within the Euryarchaeota23.
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Abstract | The archaeal domain is currently divided into two major phyla, the Euryarchaeota 
and Crenarchaeota. During the past few years, diverse groups of uncultivated mesophilic 
archaea have been discovered and affiliated with the Crenarchaeota. It was recently 
recognized that these archaea have a major role in geochemical cycles. Based on the first 
genome sequence of a crenarchaeote, Cenarchaeum symbiosum, we show that these 
mesophilic archaea are different from hyperthermophilic Crenarchaeota and branch 
deeper than was previously assumed. Our results indicate that C. symbiosum and its relatives 
are not Crenarchaeota, but should be considered as a third archaeal phylum, which we 
propose to name Thaumarchaeota (from the Greek ‘thaumas’, meaning wonder).

Hyperthermophile 
An organism that has an 
optimal growth temperature of 
at least 80°C.

Paraphyletic 
A group of organisms or 
sequences that includes an 
ancestor and some, but not all, 
of its descendants. 
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Possibly because they were discovered only 2 years after 
the generally accepted proposal to divide Archaea into 
2 phyla6, group I was classified as Crenarchaeota23,24, even 
though it was only a sister group of hyperthermophilic 
crenarchaeota and did not branch off within them. The 
classification of group I archaea as Crenarchaeota was fur-
ther strengthened by the phylogenetic analysis of a DNA 
polymerase sequence from Cenarchaeum symbiosum  
(a marine archaeon that inhabits the tissues of a temperate 
water sponge27), which branched within sequences from 
hyperthermophilic crenarchaeota28. Consistent with this, a 
recent, and widely accepted, SSU rRNA tree that was pub-
lished by Schleper and colleagues25,29, and has been widely 
used to illustrate archaeal phylogeny, shows mesophilic 
archaea of group I emerging within hyperthermophilic 
crenarchaeota. This phylogenetic placement is consist-
ent with the assumption that mesophilic crenarchaeota 
evolved from hyperthermophilic ancestors through adap-
tation to a mesophilic lifestyle11,14,30–32. However, this place-
ment remains controversial, because in most SSU rRNA 
phylogenies, such as the one recently published by Pace’s 
group33, group I sequences do not emerge within cultivated 
hyperthermophilic crenarchaeota and form a distinct line-
age. Interestingly, the recent discovery of a eukaryotic-like 
histone gene that was probably not acquired by HGT in 
a genomic fragment from C. symbiosum34 suggests that 
mesophilic crenarchaeota might have genomic features 
that are substantially different from those of hyperther-
mophilic crenarchaeota. Indeed, homologues of this gene 
are present in most euryarchaeal genomes, but never in 
hyperthermophilic crenarchaeota.

The ecological importance of mesophilic crenarchae-
ota, an extremely diverse group that is widely distributed 
in oceans and soils35, is being increasingly recognized. 
Indeed, molecular environmental surveys have extended 
the diversity of mesophilic crenarchaeota by revealing 
several new lineages that are related to group I sequences, 
such as SAGMCG-1, FFS, marine benthic groups B and C, 
YNPFFA and THSC1 (reviewed in REFS 25,26). Some of 
these crenarchaeota might be moderate thermophiles or 
psychrophiles, even though the group is still designated 
as mesophilic crenarchaeota. Mesophilic crenarchaeota 
comprise organisms that are probably important partici-
pants in the global carbon and nitrogen cycles25,36,37, and 
might be the most abundant ammonia oxidizers in soil 
ecosystems37. For example, it was reported that Candidatus 
Nitrosopumilus maritimus, a recently isolated mesophilic 
crenarchaeon, can grow chemolithoautotrophically by 
aerobically oxidizing ammonia to nitrite, which was the 
first observation of nitrification in the Archaea38.

Investigating the phylogenetic position of mesophilic 
crenarchaeota within the archaeal phylogeny, together 
with their gene content and genomic features, could, 
therefore, provide valuable information on the evolution 
of the Archaea.

Can rRNA resolve deep archaeal phylogeny? 
The phylogenetic position of mesophilic crenarchaeota is 
currently based solely on SSU rRNA sequences. The trees 
that were published by Schleper et al.25 and Robertson 
et al.33 included a large number of sequences (1,344 and 

712 SSU rRNA sequences, respectively), but both showed 
poor resolution of the relative order of emergence of the 
different archaeal lineages and it was pointed out that  
the Crenarchaeota and Euryarchaeota appeared as poly-
tomies (star radiations)33. This lack of resolution showed 
that SSU rRNA sequences do not contain enough phylo-
genetic signal to resolve the deepest nodes of the archaeal 
phylogeny, probably owing to their size, which limits the 
number of nucleotide positions that are available for phylo-
genetic analyses. However, the number of positions that 
can be used for phylogenetic analyses can be increased 
by a combined analysis of SSU and large subunit (lSU) 
rRNA sequences.

FIGURE 1 shows a maximum likelihood phylogenetic 
tree that is based on the concatenation of 226 SSU and  
lSU sequences from complete genomes that are repre-
sentative of archaeal and bacterial diversity, as well as 18 
mesophilic crenarchaeal or euryarchaeal fosmids that 
contain both types of sequences. Mesophilic crenarchaeal 
fosmid sequences belong to three distinct subgroups: 
groups 1.1a and 1.1b25, and the recently proposed deep-
branching HwCG III group39. The bacterial part of the 
tree shows a phylogeny that is consistent with those previ-
ously published (that is, high statistical support for the 
monophyly of most bacterial phyla, but a low resolution 
of their relative order of emergence (not shown)). For 
the Archaea, the monophyly of most orders within both 
Euryarchaeota and Crenarchaeota is robustly recovered 
(FIG. 1). However, the relationships among most euryar-
chaeal orders are poorly resolved (bootstrap value (Bv) 
of less than 70%) (FIG. 1), and even the monophyly of the 
Euryarchaeota is not significantly supported (Bv of less 
than 16%). Importantly, both mesophilic and hyperther-
mophilic crenarchaeota were recovered as two robust 
monophyletic groups (Bv of 99 and 100%, respectively), 
which is consistent with the SSU rRNA tree published 
by Robertson and colleagues33, but not with the tree that 
was published by Schleper and colleagues25. Moreover, 
mesophilic and hyperthermophilic crenarchaeota form 
a sister group, but with low support (Bv of 36%), and 
the node is extremely unstable. For example, using a 
different evolutionary model, the position of mesophilic 
crenarchaeota was altered — they branched at the base of 
the archaeal tree and, therefore, became the sister group 
of a large group that included Euryarchaeota and hyper-
thermophilic crenarchaeota — but still with low statistical 
support (Bv of 20%; not shown).

A possible explanation for such poor resolution could 
be the heterogeneity of G+C content among sequences. 
Sequences from hyperthermophilic euryarchaeota and 
crenarchaeota have higher G+C content compared 
with that of mesophilic organisms. This well-known 
compositional bias of RNA sequences might blur the 
genuine phylogenetic signal40. To investigate this possi-
bility, we used a recently developed phylogenetic method 
that reduces the biases that are due to convergent G+C 
content (nhPHYMl41). we tested three possible deep 
placements for mesophilic crenarchaeota, based on the 
rRNA archaeal phylogeny of FIG. 1: first, as a sister group 
of hyperthermophilic crenarchaeota; second, as a sister 
group of a cluster that comprises Euryarchaeota and  

Sister groups 
In a phylogeny, two lineages 
that share an exclusive 
common ancestor. 

Monophyletic group 
Includes an ancestor and all its 
descendants.
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Figure 1 |	maximum	likelihood	tree	based	on	the	concatenation	of	226	
SSU	and	lSU	sequences	from	Archaea	and	bacteria.	For clarity, the 
bacterial part of the tree is not shown.	sequences were aligned using 
MUsClE (multiple sequence comparison by log-expectation)58. Resulting 
alignments were manually refined using the MUsT (Management Utilities 
for sequences and Trees) package59, and only unambiguously aligned 
regions were kept for phylogenetic analyses. Concatenation was performed 
using home-developed software (C.B., unpublished data), which provided 
a final dataset of 3,305 nucleotide positions. The maximum likelihood tree 
was computed by PHyMl61, using the general time-reversible model of 

sequence evolution by including a Γ-correction (eight categories of 
evolutionary rates, an estimated α-parameter and an estimated proportion 
of invariant sites). numbers at nodes represent non-parametric bootstrap 
values (BVs) that were computed by PHyMl61 (1,000 replications of the 
original dataset) using the same parameters. For clarity, only BVs of more 
than 70% are shown. The scale bar represents the average number of 
substitutions per site. If a different evolutionary model (Hasegawa Kishino 
yano) was used, a sister grouping of hyperthermophilic crenarchaeota and 
euryarchaeota, and a basal branching of mesophilic crenarchaeota was 
recovered, albeit with weak statistical support (BV of 20%).
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Clade 
A monophyletic group.

Long-branch attraction 
artefact
A phylogenetic artefact that is 
induced by differences in 
evolutionary rates, and results 
in the artificial grouping of 
lineages that have long 
branches in a phylogenetic 
tree.

hyperthermophilic crenarchaeota; and, third, as a sister 
group of Euryarchaeota (Supplementary information S1 
(table)). All six tests significantly rejected the third topol-
ogy, whereas only two tests rejected the second topology. 
This means that the tests discard the third topology, but 
do not allow discarding the second topology in favour of 
the first topology. It is likely that the phylogenetic signal 
which is carried by rRNA sequences is too weak to con-
fidently resolve the position of mesophilic crenarchaeota 
in the archaeal phylogeny, even if the number of posi-
tions is increased by combining SSU and lSU rRNA 
sequences. Nevertheless, the phylogenetic analysis of the 
rRNAs strongly supports the separation of mesophilic 
and hyperthermophilic crenarchaeota into 2 distinct 
lineages (Bv of 100 and 99% for the monophyly of each 
lineage, respectively). To clarify the position of meso-
philic crenarchaeota in the archaeal tree further, the use 
of alternative markers thus becomes crucial.

Analysing ribosomal proteins 
Although they were first discovered 15 years ago, the iso-
lation and cultivation of representative mesophilic crenar-
chaeota has proven to be a frustrating task. In fact, the first 
genome of a member of this group, C. symbiosum, which 
has still not been grown in pure culture, was published 
only recently42. The availability of this genome sequence 
now permits an investigation of the phylogenetic position 
of mesophilic crenarchaeota, based on markers other than 
SSU and lSU rRNA.

Owing to the availability of an increasing number of 
complete archaeal genomes, large concatenated datasets of 
ribosomal (R) proteins are now widely used as an alterna-
tive to SSU rRNA to study archaeal phylogeny43–45. Indeed, 
these proteins have the same evolutionary attributes as 
rRNA, and their concatenation allows the construc-
tion of larger alignments. Although the trees that were  
obtained using these markers were roughly congruent 
with the rRNA trees43, they substantially improved the 
archaeal phylogeny and resolved a number of impor-
tant nodes (reviewed in REFS 11,14). In particular, these 
analyses have helped to clarify the phylogenetic positions 
of ‘lonely’ archaeal species (those that lack sequenced 
relatives), which are often misplaced, especially if they 
are fast-evolving or have a biased sequence composition 
(for example, the G+C content of rRNA sequences)46. For 
example, Nanoarchaeum equitans was originally proposed 
to represent a third (and basal) archaeal phylum based on 
trees that were produced using SSU rRNA47 and concate-
nated R proteins44. However, a subsequent analysis of R 
proteins and additional protein markers suggested that this 
species is not the earliest archaeal offshoot, but is probably 
a fast-evolving euryarchaeal lineage that is possibly related 
to Thermococcales48. Another example is the hyperther-
mophilic methanogen Methanopyrus kandleri, for which 
phylogenetic placement is crucial to obtain an understand-
ing of the time of emergence of methanogenesis within 
Euryarchaeota. In fact, although M. kandleri represents 
the earliest euryarchaeal offshoot in SSU rRNA phylog-
enies25,49, in trees that are based on R-protein concatena-
tions it robustly branches off after the non-methanogenic  
lineage of Thermococcales10,11,50. Further, a recent  

phylogenetic analysis placed this archaeon as a sister group 
of two other methanogen lineages (Methanococcales 
and Methanobacteriales)51, which is in agreement with 
phylogenomic studies of the genes that are involved in 
methanogenesis51 and gene-content analyses45. Globally, 
these analyses indicate that methanogenesis might not be 
the ancestral metabolism of euryarchaeota.

The examples of N. equitans and M. kandleri highlight 
the power of R-protein combined datasets for phylogenetic 
reconstruction. we therefore applied the same approach 
to study the placement of C. symbiosum in the archaeal 
phylogeny. FIGURE 2 shows a maximum likelihood phy-
logeny of the archaeal domain that is based on the con-
catenation of 53 R-protein sequences from 48 complete 
archaeal genomes and was rooted using sequences from 
16 eukaryotes. The phylogeny includes C. symbiosum, 
33 Euryarchaeota and 14 hyperthermophilic crenarchae-
ota, which represents 21 new species (11 Euryarchaeota, 
and 1 mesophilic and 9 hyperthermophilic crenarchaeota, 
respectively) with respect to previous similar analyses11. 
This tree is better resolved than the SSU/lSU rRNA tree 
in FIG. 1 (note the higher Bvs at nodes in FIG. 2), and the 
positions of the newly included archaea are well supported 
and in agreement with their classification. Consequently, 
Thermofilum pendens, Caldivirga maquilingensis, 
Pyrobaculum calidifontis, Pyrobaculum arsenaticum and 
Pyrobaculum islandicum are grouped with Pyrobaculum 
aerophilum (group of Thermoproteales; Bv of 100%), 
and Ignicoccus hospitalis, Staphylothermus marinus and 
Hyperthermus butylicus are grouped with Aeropyrum 
pernix (group of Desulfurococcales; Bv of 97%), whereas 
Metallosphaera sedula is grouped with other Sulfolobales 
(Bv of 100%). In Euryarchaeota, Natronomonas pharaonis, 
Halorubrum lacusprofundi and Haloquadratum walsbyi 
are grouped with other Halobacteriales (Bv of 100%). 
The four Methanomicrobiales (Methanocorpusculum 
labreanum, Methanospirillum hungatei, Candidatus 
Methanoregula boonei and Methanoculleus marisnigri) 
are grouped together (Bv of 100%) within a cluster that 
also contains Methanosarcinales (including their new rep-
resentative Methanosaeta thermophila; Bv of 100%) and 
Halobacteriales (Bv of 100%). Finally, Methanosphaera 
stadtmanae emerges as a sister group of the other 
Methanobacteriale Methanothermobacter thermau-
totrophicus (Bv of 100%), whereas Methanococcus aeolicus 
and Methanococcus vannielii are grouped with the other 
Methanococcales (Bv of 100%).

In contrast to the tree that is based on SSU and lSU 
rRNA (FIG. 1), most relationships among the archaeal 
orders are well resolved and in agreement with previous 
studies10, which highlights that R proteins are the phylo-
genetic markers of choice to study the archaeal phylogeny. 
Importantly, the monophylies of both hyperthermophilic 
crenarchaeota and Euryarchaeota are robustly recovered 
(each has a Bv of 100%; FIG. 2). Interestingly, C. symbiosum 
constitutes a deeply branching lineage (Bv of 99%), as it is 
a sister group of a clade that contains both Euryarchaeota 
(including N. equitans) and hyperthermophilic crenar-
chaeota. we think that this position is genuine and not 
the consequence of a long-branch attraction artefact, as the 
branch that leads to C. symbiosum is not particularly long 
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Figure 2 |	maximum	likelihood	tree	based	on	the	concatenation	of		
53	r	proteins	from	complete	archaeal	genomes.	Homologues of each 
R protein in complete genomes were retrieved by BlAsTP and TBlAsTn60. 
The concatenation included 53 alignments that harboured sequences from 
at least 61 of 64 taxa. The maximum likelihood phylogenetic tree was 
reconstructed using PHyMl61, with the Jones Taylor Thornton model  
of sequence evolution, by including a Γ-correction (eight categories of 
evolutionary rates, an estimated α-parameter and an estimated proportion 
of invariant sites). numbers at nodes represent non-parametric bootstrap 

values computed by PHyMl61 (100 replications of the original dataset) using 
the same parameters. The use of different evolutionary models and methods 
did not produce differences in the resulting tree topology, at least for the 
archaeal part of the tree (not shown). Asterisks indicate the 21 new species 
(1 representative of the mesophilic crenarchaeota, Cenarchaeum 
symbiosum, 9 representatives of hyperthermophilic crenarchaeota and 
11 representatives of Euryarchaeota) that were included in this analysis 
compared with previous work11. The scale bar represents the average 
number of substitutions per site.
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in the tree (Fig. 2) or in individual R-protein trees (not 
shown), which indicates that its R proteins are not par-
ticularly fast-evolving. Moreover, even the fast-evolving 
Thermoplasmatales and lonely taxon N. equitans are not 
artificially attracted at the base of the tree (FIG. 2). However, 
a definitive exclusion of a long-branch attraction artefact52 
that could affect the position of C. symbiosum in this tree 
will only be possible by the addition of sequences from 
its relatives.

In conclusion, in contrast to SSU/lSU rRNA, analysis 
of R proteins improves the resolution of the deepest nodes 
in the archaeal phylogeny and suggests that mesophilic 
crenarchaeota could have diverged before the speciation 
of Euryarchaeota and hyperthermophilic crenarchaeota.

A conserved crenarchaeal genomic core?
Our SSU/lSU rRNA analysis only weakly suggests that 
mesophilic and hyperthermophilic crenarchaeota are sis-
ter groups (FIG. 1). By contrast, the analysis of R proteins 
indicates a robust and deeper branching of C. symbiosum 
that occurred before the speciation between Euryarchaeota 
and hyperthermophilic crenarchaeota (FIG. 2). This place-
ment implies that mesophilic crenarchaeota are not more 
related to hyperthermophilic crenarchaeota than they are 
to Euryarchaeota. Thus, we investigated the presence in 
C. symbiosum of genes that seem to be strictly specific to 
Euryarchaeota (genes that are present in at least one rep-
resentative of each major order of Euryarchaeota, but are 
absent from all representatives of Crenarchaeota); strictly 
specific to hyperthermophilic crenarchaeota (genes that 
are present in at least one representative of each major 
order of thermophilic crenarchaeota, but are absent from 
all representatives of Euryarchaeota); or that are com-
mon to Euryarchaeota and thermophilic crenarchaeota 
(FIG. 3). This criterion might seem stringent, as it excludes 
the markers that have been secondarily lost from some 
lineages (for example, histones in Thermoplasmatales). 
However, it has the advantage of focusing on genes 
that comprise the strictly conserved genomic core of 
Euryarchaeota and hyperthermophilic crenarchaeota, 
but avoiding the introduction of ambiguities that are due 
to genes with scattered distributions.

Using the NCBI COGs database (see Further informa-
tion)53, we identified 12 proteins that are strictly specific 
to Euryarchaeota, 15 proteins that are strictly specific to 
hyperthermophilic crenarchaeota (Supplementary infor-
mation S2 (table)) and 318 proteins that are common to 
both phyla. Surprisingly, we found that C. symbiosum har-
bours 10 of the 12 euryarchaeal-specific proteins. Because 
HGTs from Euryarchaeota to mesophilic crenarchaeota 
were detected in a genome fragment from an uncultivated 
mesophilic crenarchaeon32, we carried out a phylogenetic 
analysis of the ten euryarchaeal-specific proteins that 
were harboured by C. symbiosum. These trees, although 
generally poorly resolved (not shown), revealed that only 
three of these proteins might be present owing to HGT, 
whereas the remaining seven are probably ancestral traits 
that are common to Euryarchaeota and C. symbiosum 
(FIG. 3; Supplementary information S2 (table)). By con-
trast, C. symbiosum lacks 14 of the 15 hyperthermophilic 
crenarchaeal-specific proteins (including two R proteins) 
(FIG. 3; Supplementary information S2 (table)). Thus, with 
respect to the conserved genomic core, the mesophilic 
crenarchaeon C. symbiosum seems to be more similar 
to Euryarchaeota than to hyperthermophilic crenar-
chaeota. Importantly, a few of the euryarchaeal-specific 
genes that are present in C. symbiosum encode proteins 
that are involved in core cellular processes, such as DNA 
replication and cell division (Supplementary informa-
tion S2 (table)), which shows that biologically important 
differences distinguish this organism, and by extension 
all mesophilic crenarchaeota, from hyperthermophilic 
crenarchaeota.

In addition to the presence of most euryarchaeal-
specific proteins and absence of most proteins that 
are specific to hyperthermophilic crenarchaeota, 
C. symbiosum also lacks 25 proteins that are present 
in both Euryarchaeota and hyperthermophilic cre-
narchaeota, including the R protein S24e and the 
type I DNA topoisomerase of the A family (IA) (FIG. 3; 
Supplementary information S2 (table)). The absence 
of topoisomerase IA from C. symbiosum is surprising, 
as a protein from this family is present in representa-
tives from the three domains of life54, including archaea. 
Finally, C. symbiosum lacks the R protein l14e, which is 
present in all available genomes from hyperthermophilic 
crenarchaeota and basal euryarchaeota (Methanopyrales, 
Methanococcales, Methanobacteriales, Thermococcales 
and N. equitans), and the R protein l20a, which is present 
in all archaeal genomes except Thermoplasmatales. 
Moreover, we have identified potentially informative 
insertions and deletions (indels) in two other proteins, 
the R protein S27ae (hyperthermophilic crenarchaeota 
harbour a three-amino acid insertion that is absent 
from Euryarchaeota and mesophilic crenarchaeota) 
and the elongation factor EF-1α (both hyperther-
mophilic and mesophilic crenarchaeota harbour a con-
served seven-amino acid insertion that is absent from 
Euryarchaeota). The distribution patterns of the features 
in the genome of C. symbiosum discussed above are puz-
zling, because they suggest that mesophilic crenarchae-
ota have a combination of traits that are either specific to 
hyperthermophilic crenarchaeota or Euryarchaeota.

Figure 3 |	Scheme	showing	the	number	of	proteins	
shared	by	Euryarchaeota,	mesophilic	crenarchaeota	
and	hyperthermophilic	crenarchaeota.
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Similar genome-mining data were recently obtained 
independently by Makarova, Koonin and co-workers55, 
using an updated version of the NCBI COGs database 
that focused on Archaea. These authors noticed that the 
genome of C. symbiosum includes a much lower propor-
tion of archaeal COGs than other archaeal genomes and 
groups with Euryarchaeota in a gene-content tree. They 
concluded from their analysis that “C. symbiosum is not a 
typical crenarchaeon (REF. 55)”.

A third archaeal phylum?
Our SSU/lSU rRNA tree (FIG. 1) and analysis of the 
conserved genomic cores strongly reject the hypothesis 
that mesophilic crenarchaeota evolved from hyperther-
mophilic crenarchaeota (Bv of 100%, which supports 
the monophyly of hyperthermophilic crenarchaeota). 
Moreover, our R-protein concatenation tree (FIG. 2) 
strongly rejects a sister-group relationship between 
hyperthermophilic crenarchaeota and C. symbiosum. 
Rather, it favours a deeper branching before the 
speciation of hyperthermophilic crenarchaeota and 
Euryarchaeota. The analysis of the genomic cores 
shows that C. symbiosum shares more features with 
Euryarchaeota than with hyperthermophilic crenar-
chaeota. This might indicate that C. symbiosum and its 
uncultivated relatives either belong to, or are sister to, 
Euryarchaeota. However, this is excluded by our phylo-
genetic analyses. Consistent with the basal emergence of 
mesophilic crenarchaeota, the genes of the euryarchaeal 
core that are shared with C. symbiosum can be inter-
preted as being ancestral characters that were present 
in the ancestor of archaea and were secondarily lost in 
the branch that led to hyperthermophilic crenarchaeota. 
we predict that the genomes of other mesophilic crenar-
chaeota from marine and terrestrial environments56, such 
as Candidatus N. maritimus, will confirm our results 
when they become available for analysis. Moreover, this 
will enable the identification of features that are specific 
to the group, such as a conserved genomic core. One 
such feature could be the presence of a type I DNA 
topoisomerase of the B family (IB), which we detected 
in the genome of C. symbiosum. whereas members of 
the topoisomerase IB family have never been identified 
in archaea, they are almost universal in eukarya and 
rarely present in bacteria54. This probably correlates 
with the absence from C. symbiosum of topoisomerase 
IA, which is present in all other archaea. Interestingly, 
the topoisomerase IB of C. symbiosum branches as a 
sister group to eukaryotes (not shown), which suggests 
that it was not transferred from the sponge host. A 
topoisomerase IB that was present in the last common 
ancestor of archaea and eukaryotes could later have 
been lost in the lineage that led to Euryarchaeota and 
hyperthermophilic crenarchaeota after their divergence 
from mesophilic crenarchaeota.

The diversity of mesophilic crenarchaeota based on 
SSU rRNA sequences25,26,56,57 is comparable to that of 
hyperthermophilic crenarchaeota and Euryarchaeota, 
which suggests that they represent a major lineage that 
has equal status to Euryarchaeota and hyperthermo-
philic crenarchaeota. Indeed, environmental SSU rRNA 

surveys have already revealed several likely order-level 
subgroups within mesophilic crenarchaeota25,26,56. 
Moreover, the basal placement of one of their repre-
sentatives in the archaeal phylogeny (FIG. 2) suggests that 
mesophilic crenarchaeota are an ancient lineage. This 
leads us to propose that mesophilic crenarchaeota repre-
sent a third archaeal phylum that we suggest naming the 
Thaumarchaeota (from the Greek ‘thaumas’, meaning 
wonder). This choice was made to avoid any name that 
referred to phenotypic properties, such as mesophily, 
that could be challenged by the future identification of 
non-mesophilic organisms that belong to this phylum 
or the discovery of mesophilic relatives of cultivated 
hyperthermophilic crenarchaeota.

we stress that the classification of archaeal group I 
and its relatives as crenarchaeota was dubious from the 
outset, because their sequences formed only a sister 
group of hyperthermophilic crenarchaeota in the first 
rRNA trees23. The acceptance of this classification was 
probably influenced by the fact that the proposal to 
split the archaeal domain between Crenarchaeota and 
Euryarchaeota had only recently been made6. Clearly, 
the current classification of mesophilic crenarchaeota 
as Crenarchaeota is misleading, just as it is misleading 
to call methanogens ‘methanogenic bacteria’ because 
all methanogens are archaea. The proposal to establish 
mesophilic crenarchaeota as a third archaeal phylum 
goes beyond purely taxonomic purposes, and will 
stimulate research on this group of organisms and, 
more generally, on the Archaea.

Further phylogenetic analyses that include new 
members of the Thaumarchaeota are required to 
confirm the position of this phylum in the archaeal 
phylogeny. In any case, even if the basal branching of 
mesophilic crenarchaeota is challenged in favour of a 
sister grouping with hyperthermophilic crenarchaeota, 
this should not, in our opinion, change their phylum 
status, as they would remain a highly diversified and 
ancient group that have peculiar genomic character-
istics. If the emergence of Thaumarchaeota prior to 
the speciation of Crenarchaeota and Euryarchaeota 
(as supported by R-protein analysis) is confirmed, 
this will leave open the nature of the last archaeal 
ancestor, which might have been either a mesophilic  
or psychrophilic organism (such as Thaumarchaeota) or  
a hyperthermophilic or thermophilic organism (such 
as cultivated crenarchaeota and some euryarchaeota). 
Importantly, the nature of the archaeal ancestor pro-
vides a different meaning for the HGTs from meso-
philic euryarchaeota and bacteria to Thaumarchaeota 
that were highlighted from environmental genomics 
studies32. If the ancestor of Archaea was a hyperthermo-
phile, HGT might have enabled the adaptation of 
hyperthermophilic thaumarchaeal lineages towards 
mesophily, as has been previously suggested32. 
Conversely, if the archaeal ancestor was a mesophile, 
HGT might have occurred between organisms that 
were thriving in the same low-temperature environ-
ments. Further studies on Thaumarchaeota will be 
essential to gain fundamental insights into the origin 
and early evolution of Archaea.

Mesophile 
This term is normally restricted 
to organisms that have optimal 
growth temperatures of 
between 20 and 50°C. Here, 
however, the term mesophilic 
crenarchaeota is given to all 
non-hyperthermophilic 
crenarchaeota, even though 
some of them (presently 
uncultivated) are psychrophiles 
(optimal growth temperature of 
between O and 20°C) or 
moderate thermophiles 
(optimal growth temperature of 
between 50 and 70°C).
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