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Abstract

Background: A single cultured marine organism, Nanoarchaeum equitans, represents the Nanoarchaeota branch of
symbiotic Archaea, with a highly reduced genome and unusual features such as multiple split genes.

Results: The first terrestrial hyperthermophilic member of the Nanoarchaeota was collected from Obsidian Pool, a
thermal feature in Yellowstone National Park, separated by single cell isolation, and sequenced together with its
putative host, a Sulfolobales archaeon. Both the new Nanoarchaeota (Nst1) and N. equitans lack most biosynthetic
capabilities, and phylogenetic analysis of ribosomal RNA and protein sequences indicates that the two form a deep-
branching archaeal lineage. However, the Nst1 genome is more than 20% larger, and encodes a complete
gluconeogenesis pathway as well as the full complement of archaeal flagellum proteins. With a larger genome, a
smaller repertoire of split protein encoding genes and no split non-contiguous tRNAs, Nst1 appears to have
experienced less severe genome reduction than N. equitans. These findings imply that, rather than representing
ancestral characters, the extremely compact genomes and multiple split genes of Nanoarchaeota are derived
characters associated with their symbiotic or parasitic lifestyle. The inferred host of Nst1 is potentially autotrophic,
with a streamlined genome and simplified central and energetic metabolism as compared to other Sulfolobales.

Conclusions: Comparison of the N. equitans and Nst1 genomes suggests that the marine and terrestrial lineages of
Nanoarchaeota share a common ancestor that was already a symbiont of another archaeon. The two distinct
Nanoarchaeota-host genomic data sets offer novel insights into the evolution of archaeal symbiosis and parasitism,
enabling further studies of the cellular and molecular mechanisms of these relationships.
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Background

A decade after their discovery, the Nanoarchaeota are still
represented by a single cultured organism, Nanoarchaeum
equitans [1]. An obligate extracellular symbiont (or pos-
sibly an ectoparasite) of the marine hyperthermophilic
crenarchaeon Ignicoccus hospitalis [2], N. equitans pro-
vides unique opportunities to study molecular, cellular
and evolutionary mechanisms of specific associations be-
tween Archaea. With its highly reduced genome, devoid
of virtually any primary biosynthetic functions and resem-
bling bacteria that are obligate symbionts and parasites, .
equitans must acquire metabolic precursors from its host
through yet unknown mechanisms.

The phylogenetic placement of N. equitans among the
Archaea has been controversial. The multiple, fragmented
protein-coding regions and especially the presence of non-
contiguous split tRNA genes [3] have been interpreted as
evidence that N. equitans represents an ancient phylum-
level lineage that maintained some ancestral gene structures
and features of genome organization [4,5]. Challenging this
view, phylogenetic reconstruction using concatenated pro-
tein sequences and analysis of the distribution of gene fam-
ilies among the major archaeal lineages, pointed to a
potentially close evolutionary relationship between N.
equitans and the Thermococcales, a basal order of the
Euryarchaeota [6]. Distinguishing between these contrast-
ing hypotheses and teasing apart genomic idiosyncrasies
caused by rapid evolution from ancient characters has been
hampered by the absence of genomic data from additional
members of the Nanoarchaeota.

Using primers designed from the small subunit rRNA
sequence of N. equitans, amplification of SSU rRNA
genes from environmental samples resulted in identifica-
tion of additional lineages of the Nanoarchaeota in a
wide range of high temperature environments. These
novel sequences were not only from deep-sea hydrother-
mal vents (East Pacific Rise), but also from continental
samples collected in Yellowstone National Park, USA
(Obsidian Pool) and Kamchatka, Russia (Uzon Caldera)
[7]. Notably, the non-marine SSU rRNA sequences were
substantially divergent from that of N. equitans (83%
identity) indicating that the Nanoarchaeota is a distinct,
diverse taxon, with an as yet unclear position within the
Archaea. The diversity of the Nanoarchaeota was subse-
quently expanded by the discovery of additional uncul-
tured lineages in samples collected from thermal sites in
central Asia, New Zealand and Chile as well as several
distinct phylotypes from mesophilic high salinity envi-
ronments from South Africa and Mongolia [8]. More-
over, recent pyrosequencing studies have shown that
species related to N. equitans are present at many deep-
sea hydrothermal vent sites, from the Mid Atlantic Ridge
to the southwestern Pacific Eastern Lau Spreading Cen-
ter and can reach a significant fraction of the archaeal

Page 2 of 20

population [9,10]. Ignicoccus was also present in many of
these marine samples and a direct association with
Nanoarchaeota was detected in actively forming chim-
neys on East Pacific Rise [11], suggesting that different
marine Nanoarchaeum species might colonize specific
Ignicoccus hosts. Indeed, in the laboratory, N. equitans is
only able to grow in co-culture with 1 hospitalis. Both
were isolated from a hydrothermal site north of Iceland
but N. equitans failed to grow with related species
(L islandicus and I pacificus) or other Archaea [12].
So far, no Ignicoccus has been isolated from or detected in
terrestrial samples, suggesting that the Nanoarchaeota from
continental sites either depend on other hosts or live inde-
pendently. Characterization of additional Nanoarchaeota is
essential for a better understanding of the evolutionary his-
tory and biology of this remarkable group of Archaea.

Here we describe the near-complete genome of a
thermophilic member of the Nanoarchaeota from Obsid-
ian Pool (Yellowstone National Park) together with the
nearly complete genome of its likely host that represents a
distinct group within the Sulfolobales (Crenarchaeota). Al-
though these organisms have not yet been isolated in pure
culture, the genomic data from a continental member of
the Nanoarchaeota helps to distinguish between alterna-
tive evolutionary scenarios proposed for these Archaea.

Results

Genomes of a nanoarchaeon and its apparent host from
Obsidian Pool

A fresh microbial community sample collected from Ob-
sidian Pool was labeled with a fluorescent polyclonal anti-
body developed against N. equitans. Using flow cytometry,
single cell-size fluorescent particles were individually iso-
lated and used for genomic amplification (MDA) with
phi29 DNA polymerase. Five genomic products tested
positive when subjected to SSU rRNA gene amplification
using Nanoarchaeota-specific PCR primers but also
yielded PCR products with a universal archaeal primers
set that excludes Nanoarchaeota. Direct sequencing of the
Nanoarchaeota amplicons assigned all five genomes to a
unique organism, with SSU rRNA sequences 98% identical
to the previously described clone OP9 [7] and 81% identi-
cal to N. equitans (Figure 1). The archaeal amplicon se-
quences also identified a member of the Sulfolobales in all
five MDA products, most closely related (96-97% identity)
to uncultured organisms from other thermal acidic envi-
ronments (Figure 1).

The amplified genomic DNAs were sequenced using
[umina HiSeq, yielding ~10 Gbp each. The sequence was
digitally normalized and assembled de novo. Kmer
tetranucleotide frequency analysis of the resulting 109-158
contigs from each dataset (0.9-12 Mbp of assembled
sequences) partitioned the sequences in two distinct popu-
lations, with average G+C contents of 52% and 24%,
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Figure 1 Maximum likelihood of the Archaea based on SSU rRNA (872 sites) and the relationship of Nst1 and Acd1 with representative
cultured and uncultured Archaea. The branch numbers indicate bootstrap support, shown only for major clades (* is <50%).
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respectively (Additional file 1). Combined secondary as-
sembly and curation of the contigs corresponding to each
of the two populations resulted in an Obsidian Pool
nanoarchaeal draft genome (Nanoarchaeota Nstl, referred
herein as “Nstl”) consisting of 7 contigs (totaling
0.593 Mbp, 24% G+C content) and the tentatively assigned
host (Sulfolobales Acdl, referred herein as “Acdl”)

consisting of 8 contigs (totaling 1.51 Mbp, 52% G+C con-
tent) (Figure 2). Gene prediction resulted in identification
and annotation of 656 protein encoding ORFs in Nstl and
1692 in Acdl as well as that of all rRNA genes and nearly
all essential tRNAs. The recently updated database of ar-
chaeal clusters of orthologous genes (arCOGs) [13,14] was
also used as a framework for annotation and genomic
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Figure 2 Composition analysis (sliding window of kmer tetranucleotide frequencies) of the Nst1 and Acd1 genomes, compared to

of variation)

comparisons (Additional file 2). In Nstl, 72% (473 out of
656) of the predicted proteins were assigned to at least one
arCOG. This is the lowest coverage among all Archaea in-
cluding N. equitans and Cenarchaeum symbiosum which
both have ~74% arCOG coverage. In Acdl, arCOGs were
identified for 1567 out of the 1692 ORFs (~92%).

The level of completeness of the two genomes was es-
timated from the fraction of universally conserved genes
that are represented in the given sample [15]. Because
Nanoarchaeota form a deep archaeal branch, the rele-
vant set of conserved genes for Nstl genome reconstruc-
tion includes the 138 arCOGs that are represented in all
Archaea. The Nstl genome contains members of 126 of
those arCOGs, resulting in an estimate of at least 91%
genomic completeness, with 692 to 761 genes for the full
gene complement (at 95% confidence). For Acdl, which
is unequivocally classified within Crenarchaeota, the
relevant conserved gene set includes 352 ubiquitous
arCOGs. The Acdl gene set includes 349 of these, an as-
sembly that is estimated to be 99% complete, with the
95% confidence interval of 1696 to 1730 genes.

An updated phylogeny of the Nanoarchaeota

The ribosomal protein sequences from Nstl and Acdl
were added to concatenated alignments of 56 ribosomal
proteins that are universally conserved in the complete

archaeal genomes [16]. All of these proteins were identi-
fied in the Acdl genome whereas 4 were missing from
the Nstl draft genome (L15E, S8E, S11 and S27E). Max-
imum likelihood tree topologies were identical between
reconstructions using the entire dataset (122 genomes)
and a representative group of 45 archaeal genomes, re-
covering the same phylogenetic relationships between
the major archaeal taxa (Figure 3). Both reconstructions
showed Nstl to be a sister taxon of N. equitans, most
likely representing a distinct family of Nanoarchaeota.
The two members of Nanoarchaeota comprised a dis-
tinct, deep branching taxon that was not closely related
to any other archaeal clades. Both trees agreed on the
position of Acdl as a close outgroup to the Sulfolobales,
conceivably representing a previously unknown family
within this order of the Crenarchaeota. A separate phyl-
ogeny based on four concatenated RNA polymerase sub-
units supports these conclusions (Additional file 3).

Inferred physiological features of Nst1 and evolutionary
genomics of the Nanoarchaeota

Nstl has a substantially larger genome than N. equitans
(~592 vs. 491 kb). Nevertheless, functional gene annota-
tion and metabolic reconstruction indicate that neither
Nanoarchaeota can be physiologically autonomous and
both depend on the association with another organism,
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L hospitalis for N. equitans and most likely the Acdl for
Nstl. In particular, similar to N. equitans, the reduced
genome of Nstl does not encode functional pathways
for de novo biosynthesis of lipids, amino acids, coen-
zymes or nucleotides. However, several metabolic func-
tions that are missing in N. equitans are predicted for
Nstl. Most notably, the Nstl genome encodes a

complete gluconeogenic pathway, as well as glycosyl-
transferase enzymes that are likely to be involved in
polysaccharide production (Figure 4). There is no evi-
dence for a modified Entner-Doudoroff pathway in this
organism, therefore carbohydrate metabolism apparently
proceeds through the typical Embden-Meyerhof-Parnas
pathway. Three intermediates in this pathway (glucose,
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fructose-6-phosphate, and pyruvate) require separate en-
zymes for phosphorylation or dephosphorylation reac-
tions that determine whether carbon flow is glycolytic or
gluconeogenic. No glucokinase or glucose-6-phosphatase
was identified, suggesting that only activated sugars or
polysaccharides enter or leave the Nstl cell. No member
of the three classes of glycolytic phosphofructokinases
was identified. Instead, Nstl encodes a gluconeogenic
class V bifunctional fructose-1,6-bisphosphate aldolase/
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phosphatase (Say, 2010) that cannot catalyze the glycolytic
reaction. Furthermore, Nstl encodes both a glycolytic
non-phosphorylating NADP-dependent glyceraldehyde-3
-phosphate dehydrogenase and a glyceraldehyde-3-phos-
phate ferredoxin oxidoreductase (van der Oost, 1998).
Finally, Nst1 encodes both glycolytic pyruvate kinase and
gluconeogenic phosphoenolpyruvate synthase. Under an-
oxic conditions, the Nstl cells could accumulate sufficient
pools of reduced, low-potential ferredoxin to support the
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carboxylation of acetyl-CoA, produced from acetate by an
ADP-forming acetyl-CoA synthetase, through the activity
of a two-subunit pyruvate ferredoxin oxidoreductase.
Therefore triose phosphates could be oxidized using
glycolytic enzymes at high reduction potentials to produce
limited ATP through pyruvate-kinase mediated phosphor-
ylation; alternatively, at low reduction potentials, triose
phosphates could be utilized to produce sugars from ex-
ogenous acetate using gluconeogenic enzymes.

The presence of genes for phosphoglucomutase, glucose-
1-phosphate thymidylyltransferase, nucleotide sugar reduc-
tase and epimerase, and an oligosaccharide transferase sug-
gest that Nstl cells produce diverse nucleotide-sugars that
are likely to be involved in post-translational modification
of proteins. A complete set of genes for glycogen synthesis
and breakdown was also found (Figure 4). Such rich carbo-
hydrate chemistry is unexpected in this inferred obligate
symbiont/parasite, and further studies will be required to
determine the specificity and products of these diverse
enzymes.

Amino acid activation in the Nanoarchaeota shows sev-
eral cases of non-orthologous gene displacement. Most of
the Archaea use a non-discriminating glutamyl-tRNA syn-
thetase to form Glu-tRNAS™, which is transamidated to
GIn-tRNA®" by the GatDE protein complex. This was ex-
perimentally confirmed in N. equitans [17] and the required
genes are also present in Nstl. In addition, N. equitans en-
codes an analogous enzymatic machinery for Asp-tRNA""
transamidation. By contrast, Nstl apparently uses an
asparaginyl tRNA synthetase to form Asn-tRNA** directly.
Nstl and N. equitans encode unrelated lysyl-tRNA
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synthetases of class II and class I, respectively. In this case,
N. equitans probably retained the ancestral class I LysRS
that is found in most archaea. The source of the class II en-
zyme in Nstl was probably a member of the Crenarchaeota,
although not Acdl (Additional file 4). For amino acid me-
tabolism, Nst1 encodes a Thermococcus-like asparagine syn-
thetase and a putative glutamine amidotransferase but lacks
the glutamate dehydrogenase found in N. equitans. All other
amino acids apparently have to be acquired from the envir-
onment or the host cell.

Nucleotide biotransformation capabilities also substan-
tially differ between the two Nanoarchaeota. Specifically,
N. equitans encodes a flavin-dependent thymidylate
synthase (ThyX), and an anaerobic ribonucleoside-
triphosphate reductase. In contrast, NstI encodes the
non-homologous, folate-dependent thymidylate synthase
(ThyA) and an adenosylcobalamin-dependent ribonucle-
otide reductase. Notably, the ribonucloetide reductase
gene encompasses an intein in the same position as one of
the two inteins in the homologouos gene of Pyrococcus
furiosus. Both Nanoarchaeota encode an adenylate kinase
(arCOGO01039)(Nst432 and Neql39) although the N.
equitans sequence is highly divergent.

A key cellular structure that, judging from the genome
sequence, is present in Nstl but not in N. equitans is the
archaeal flagellum (archaellum) [18]. Genes encoding all
the essential subunits of the archaellum have been iden-
tified (Figure 5), including two archaeal flagellins and
the gene responsible for flagellar assembly, function and
regulation (flaD/E,FG,H,LJ, FleN). The presence of the
flaD/E gene, so far only identified in Euryarchaeota, and
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Figure 5 Organization of archaeal flagellum (archaellum) genes in Nst1 and comparison to operons from Crenarchaeota (S.a.) and
Euryarchaeota (P.h.). The archaella genes are in shaded rectangles. The numbers represent the gene loci in the genomes. Several paralogs of
Flal (Nst1_088, 227 and 260) and one FlaG paralog (Nst1_560) are not shown.
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the topology of the phylogenetic tree of the regulatory
subunit flaH (Additional file 5) are compatible with a
euryarchaeal type-archaellum in Nstl.

The overall gene content of Nanoarchaeota further
supports its affinity with Euryarchaeota. Among the 283
arCOGs that are represented in both N. equitans and
Nstl, 17 arCOGs are missing in Crenarchaeota but
present in the majority of the Euryarchaeota. This in-
cludes genes encoding proteins involved in key cellular
functions such cell division (FtsZ, SepF) as well as nu-
cleic acids and protein processing (e.g. DNA polymerase
II subunits, ERCC4-like helicase, ribosomal protein
LA1E, pre-protein translocase subunits SecF and SecD)
(Additional file 6). This observation complements the re-
sults of phylogenetic analyses and is best compatible with
a common ancestry of Nanoarchaeota and Euryarchaeota.
Of the 321 Nstl genes with orthologs in N. equitans, only
15 have no confidently identifiable homologs in other se-
quenced archaeal genomes and hence represent a putative
genomic signature of the Nanoarchaeota. Only one of these
genes, encoding a homolog of a bacterial 16S rRNA
methyltransferase [19], has a defined function. The remaining
Nanoarchaeota-specific proteins are presently uncharacterized.
Of the 183 predicted protein-coding genes of NstI that were
not assigned to arCOGs, 27 had homologs in N. equitans,
and another 26 showed statistically significant similarity to
proteins from other Archaea that have not yet been classified
into families. The inferred common gain in Nanoarchaeota in-
cludes only 8 genes, in particular two components of the Type
II/IV secretory pathway and the tRNA (uracil-54, C5)-
methyltransferase both of which are otherwise present only in
Euryarchaeaota.

Maximum parsimony reconstruction of gene loss and
gene gain events suggests extensive loss of genes from all
functional categories in the Nanoarchaeota branch. Both
genomes lack 46 of the 218 arCOGs from the archaeal
core gene set (Figure 6 and Additional file 7). The Nstl
genome shows the second lowest paralog density among
the Archaea, surpassed only by N. equitans (Figure 6).
The majority of the functionally characterized genes in-
ferred to have been lost is related to central metabolism or
encode apparently dispensable functions in the informa-
tional systems that are also missing in some other
Archaea. Although Nstl appears to retain substantial car-
bon metabolism functions, it lacks 16 of the core archaeal
genes present in N. equitans, including radical SAM and
pyruvate-formate lyase-activating enzymes as well as the
archaeal V-type ATPase. Although at present we cannot
rule out that some of these genes are contained in the
missing genomic regions, the lack of any of the multiple
membrane ATP synthase subunits is intriguing, possibly
indicating that Nst1 has lost this otherwise ubiquitous en-
zyme complex. Both Nanoarchaeota apparently lack a
functional membrane respiratory complex but Nstl
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encodes several proteins implicated in scavenging of oxi-
dative molecules, including cytochrome d ubiquinol oxi-
dase subunit 1, superoxide reductase, and both subunits
of alkyl hydroperoxide reductase. Finally, Nstl lacks the
CRISPR-Cas type I-B system that is active in N. equitans
[20]. The absence of this system is extremely unusual in a
hyperthermophile [21] and is unlikely to be caused by low
sequence coverage of the respective genomic loci because
CRISPR systems consist of many protein-coding genes
and DNA elements [21].

As expected, the repertoire of informational genes
shows a much stronger conservation between the two
Nanoarchaeota than the set of genes for metabolic en-
zymes. Nevertheless, several notable differences were ob-
served. Analysis of the Nstl genome identified 41
tRNAs; the tRNA™ is currently missing, probably due
to the incompleteness of the genome sequence. Among
the detected tRNAs, only two contain introns, and the
positions of both introns are shared between the two
Nanoarchaeota (tRNAM™ and tRNA™). The high se-
quence identity extends also to the intronic region al-
though there are some differences between the D loop
structures of the two species (Figure 7). The two
Nanoarchaeota share more than 20 typical archaeal
genes encoding RNA-modifying enzymes as well as pu-
tative snoRNAs that target RNA modifications. The
catalytic subunit of the tRNA splicing endonuclease was
readily identifiable and shared 45% sequence identity
with the N. equitans ortholog (Neq205). It is unclear
whether the Nstl enzyme functions as a heterotetramer
similar to the counterpart in N. equitans [22,23] because
we did not identify a structural subunit beta gene. Unlike
N. equitans, Nstl also encodes a ribonuclease P complex
that otherwise is ubiquitous among cellular life forms.
We identified three genes encoding protein subunits and
the RNA component indicating that the tRNA matur-
ation pathway in this organism is similar to that in other
Archaea and not drastically changed as it is in N. equitans
[24]. Phylogenetic analysis of two of the subunits (p21 and
p29) revealed affinities to the euryarchaeal enzyme whereas
p30 appeared divergent. The RNA component of the
RNAse P is considerably shorter than other archaeal coun-
terparts, including type T variants from Thermoproteales
[25] and could not be folded into a typical secondary struc-
ture for this molecule. Thus, the RNAse P complex of Nstl
appears to have undergone partial degradation compared
to complete loss in N. equitans. Another interesting differ-
ence between the two genomes involves a component of
the replication machinery. Recently is has been shown that
all Archaea (with the single exception of Caldivirga
magquilingensis) encode Rec]-like proteins with a DHH
hydrolase domain that is predicted to be either active or
inactivated. Analogous to eukaryotic CDC45, the Rec] ho-
mologs are predicted subunits of the CMG (CDC45/Rec],
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MCM, GINS) complex involved in replication initiation
[26]. Among the two Nanoarchaeota, NstI encodes a puta-
tive ancestral form of Rec] with active DHH domain
whereas N. equitans apparently acquired a highly diverged
Rec] homolog in which the DHH domain is severely
disrupted [26].

The most parsimonious explanation for the extensive
common gene loss is the early evolution of host depend-
ency (possibly parasitism) in Nanoarchaeota (prior to the
radiation of N. equitans and Nstl from their common an-
cestor) followed by differential loss after the lineage split,
although presently it is impossible to strictly rule out
massive parallel gene loss. Supporting the former scenario
is another distinctive feature of the Nanoarchaeota, the
large number and type of split protein genes (proteins that
are encoded by one gene in most, if not all organisms, but
are separated in two genes in Nanoarchaeota, requiring

post-translational assembly). The genome of N. equitans
harbors 10 split protein-coding genes, the largest number
among the Archaea [5]. In Nstl we identified 8 such
genes, with 6 being split in both genomes (Table 1).
Among these, three are split in the same position and are
intact in all other archaeal genomes, suggesting gene split-
ting events that occurred after the separation of the
Nanoarchaeota from the rest of the Archaea but predates
the radiation of the N. equitans and Nstl lineages. For two
other genes, those encoding archaeosine tRNA-guanine
transglycosylase and RNA polymerase subunit B, the split
is likely to be ancestral because the split site is shared by
many diverse archaea. Each of the two nanoarchaeal ge-
nomes also encompasses unique split protein genes, indi-
cating that, along with gene loss, the process of gene
splitting continued in each of the two lineages after their
divergence.
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In addition to the split protein-coding genes, 6 tRNAs
of N. equitans are synthesized as halves from separated
genes and subsequently trans spliced [3,27] (Table 1).
The orthologs of these tRNAs in Nstl are represented
by regular, full-length genes that share ~85% nucleotide
identity between the two organisms (Figure 7). We did
not identify any split tRNAs genes in the Nstl genome.

Taken together, the results of genome analysis indicate a
unique propensity for gene splitting in the Nanoarchaeota
that is most dramatically manifested in the N. equitans
lineage. Along with the disintegration of the conserved
operon structure (such as the ribosomal operons), the
absence of any substantial synteny between the two
Nanoarchaeota genomes and extensive gene loss, gene
splitting seems to reflect the ongoing genome rearrange-
ment and could be a consequence of the parasitic lifestyle
of these Nanoarchaeota. Conceivably, these parasitic/sym-
biotic Archaea have extremely low characteristic effective
population sizes resulting in a sharply increased role

of genetic drift and consequent extraordinary genome
fluidity.

The inferred host of Nst1 is a typical member of the
Sulfolobales with a streamlined genome

The arCOGs coverage (~92%) for Acdl is within the
range of other completely sequenced genomes of
Sulfolobales (91-99%). Overall, the gene content of Acdl
is typically archaeal and most similar to that of other
Crenarchaeaota. Of the 218 core archaeal genes, 217
were identified in the current Acdl genome assembly,
with only the cysteine desulfurase activator ATPase
(arCOG04236) missing. Furthermore, the genome en-
compasses 349 of the 352 families that are shared by all
35 available genomes of Crenarchaeaota and span all the
essential metabolic functions. This high level of coverage
points to a near complete genomic assembly for this or-
ganism. Indeed, even among the gene families that are
shared by all other sequenced Sulfolobales, the Acdl
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Table 1 Notable genomic differences between N. equitans and Nst1

Features N. equitans Nst1 Note

Split Proteins

Reverse gyrase NEQ 318-434 Nst 337-402 Same site
Glu-tRNA®"™ amidotransferase NEQ 245-396 Nst 197-449 Same site
Predicted RNA-binding protein NEQ 438-506 Nst 176-251 Same site
Archaeosine tRNA-guanine transglycosylase NEQ 124-305 Nst 096-232 Same site
RNA polymerase subunit B NEQ 156-173 Nst 632-633 Same site
Large helicase-related protein NEQ 003-409 Nst 172-239 Different site

DNA polymerase | NEQ 068-528 Nst 417 Not split in Nst1
Topoisomerase | NEQ 045-324 Nst 174 Not split in Nst1
P-loop ATPase-acetyltransferase fusion protein NEQ 096-495 Nst 401 Not split in Nst1
Alanyl-tRNA synthetase NEQ 211-547 Nst 054 Not split in Nst1
Diphthamide synthase sub. DPH2 - Nst 222-440 Absent in N.eg.
Uncharacterized conserved protein (arCOG04253) - Nst 474-480 Absent in N.eq.
tRNAs

cis-spliced tRNAs lle, Met, Trp, Tyr lle, Tyr

trans-joined tRNAs iMet, His, Lys, GIn, Glu (2) none

RNase P Absent Present

Gluconeogenesis-Glycolysis Absent Present

Polyamine biosynthesis Absent Present

ATP synthase Present Absent

Glutamate dehydrogenase Present Absent

* Split in other archaea also.

genome encompasses 91% (1002 out of 1102). Among
the well-characterized Sulfolobales signature genes
(present in Sulfolobales only) that were identified in
Acdl are the chromosomal protein Sac7d, a distinct
paralog of the crenarchaeal cell division protein ESCRT-
III, two subunits of the terminal oxidase (DoxE and
DoxD), and phosphomevalonate kinase, a possible relic
of the ancestral isoprenoid biosynthesis pathway [28].
More than half of the nearly 100 Sulfolobales signature
genes remain completely uncharacterized.

By estimating the genes loss and gain for Acdl only a
few genes were inferred to have been acquired, most of
them uncharacterized (Figure 6). In contrast, the num-
ber of the genes that were likely lost exceeds 400
(Additional file 7). Conversely, for the branch leading to
the rest of Sulfolobales, gene gain dramatically exceeds
gene loss (Figure 6). Several remarkable examples of en-
tire functional systems missing in Acdl include two ter-
minal oxidase complexes (SoxABCD and SoxEFGHM),
fatty acid beta oxidation-related enzymes, the entire
archaellum and the CRISPR-Cas system type III locus.
One CRISPR-Cas system (Type I-D) is present and is most
likely functional, based on the identification of several
large CRISPR arrays. Predictably, the functional categories
that were minimally affected by gene loss are translation,

DNA replication and repair, nucleotide metabolism, signal
transduction and secretion (Additional file 7). A compara-
tive analysis of the mean number of paralogs in arCOGs
shows a conspicuous deficit in Acdl, the same trend that
was previously observed for I hospitalis, the host of N.
equitans (Figure 6) [29]. The reduced number of transpos-
able elements also parallels the trend in I hospitalis and is
compatible with the genome streamlining hypothesis. We
did not detect strong evidence of gene exchange between
Nstl and its apparent host, Acdl. Only three genes in
Nstl are significantly more similar to homologs from the
host than to homologs from other Archaea and are
therefore candidates for direct gene transfer between Nstl
and Acdl. These putative transferred genes encode
3-dehydroquinate dehydratase AroD (Additional file 5)
and two uncharacterized proteins that so far are present
exclusively in Crenarchaeaota.

Despite all the apparent gene loss, most of the func-
tional capabilities of typical Sulfolobales seem to be pre-
served in Acdl, albeit in some cases in a minimal
version. A type I NADH dehydrogenase complex was
detected that similar to the other Sulfolobales lacks the
NADH binding and oxidizing subunits (NuoEFG) which
are predicted to transfer electrons from ferredoxin to
quinones in the respiratory chain. NADH and succinate
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oxidation by a predicted type II NADH:quinone oxidore-
ductase and a succinate oxidoreductase complex (Sdh)
that are encoded in the Acdl genome could provide an
alternative pathway to supply electrons to quinones.
Genes encoding a heme-copper, aas-type cytochrome
oxidase (DoxBCE) and an iron-sulfur cytochrome b558/
566 complex III (soxNL-cbsAB), all with high sequence
similarity to homologues from other Sulfolobales. How-
ever, the SoxABCD and SoxEFGHM complexes that are
present in the majority of other Sulfolobales [30] are
missing in Acdl.

Most of the Acdl central metabolism could be
reconstructed based on genome analysis. Genes encoding
all the enzymes of the oxidative TCA cycle, the archaeal
gluconeogenic EMP pathway, glycogen synthesis and
breakdown, the reversed ribulose monophosphate (RuMP)
as well as C3/C4 interconversion were identified by com-
parison with the other Sulfolobales [31-33] (Figure 4). In
addition, a complete hydroxypropionate/hydroxybutyrate
carbon fixation pathway was assembled, suggesting that
Acdl is capable of chemoautotrophic growth. Unusually
for a member of Sulfolobales, however, the branched
Entner-Doudoroff glycolytic pathway appears to be miss-
ing, as well as the glyoxylate shunt and all enzymes for
maltose and trehalose utilization (Figure 4). Although, be-
cause the genome is not complete, we cannot however
rule out the possibility that some of the genes that are ac-
tually present in Acdl are missing in the current assembly,
it appears extremely unlikely that any of these pathways
was missed in its entirety due to the genome incomplete-
ness. Most of the sugar ABC and secondary transporters
found in other Sulfolobales are also missing in Acdl, sug-
gestive of a minimal carbohydrate metabolism. In con-
trast, we identified complete sets of genes for iron,
manganese, phosphate and potassium transporters and
sodium-calcium exchange pumps, suggesting that Acdl is
capable of uptake of most small molecules that are usually
transported by free-living organisms. The genome also
contains the SlaAB operon that encodes the S-layer pro-
teins characterized in the other Sulfolobales [34], indicat-
ing that Acdl likely has the same type of cell surface
architecture.

Discussion

Despite multiple ultrastructural, biochemical and func-
tional genomic studies, the nature of the relationship
and the mechanisms of interaction between I hospitalis
and N. equitans remain poorly understood. So far, there
is no evidence for a beneficial role of N. equitans for its
host, suggestive of a parasitic as opposed to a mutualistic
relationship [12]. Experimental and genomic inferences
point to the two archaea having co-evolved, with N.
equitans using L hospitalis as its sole host [12,29]. The
difficulty in the characterization of their interaction and
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phylogenetic placing of N. equitans comes in large part
from the unusual features of the N. equitans genome
that make it problematic to differentiate between two
distinct scenarios for the origin of the Nanoarchaeota.
Under the first scenario, Nanoarchaeota represent an
ancient lineage with many ancestral features whereas the
alternative involves relatively recent, rapid evolution and
genomic collapse driven by the parasitic lifestyle.

The analysis of the Nstl genome described here ad-
dresses some of these questions and provides an evolu-
tionary perspective on archaeal parasitism/symbiosis.
The Nstl genome lacks split tRNA genes but encom-
passes split protein genes, so that the existence of both
unique and shared gene splits between the two
Nanoarchaeota provides insight into the evolution of
this feature. It now appears most likely that genome re-
duction, probably by intrachromosomal recombination
and deletion events, led to stochastic fragmentation of
multiple genes, with those split in locations compatible
with functional enzymatic reconstitution in trans being
retained. The presence of several genes with the same
split site between the two Nanoarchaeota implies that
this process predated the separation of the two lineages.
Together with multiple common gene losses, these
shared gene splits suggest that the most recent common
ancestor of the terrestrial and marine Nanoarchaeota,
represented by the two current representatives, already
was a symbiont or parasite that was undergoing genome
shrinkage. Given the large evolutionary distance between
N. equitans and Nstl and the fact that they inhabit
different environments and appear to employ highly di-
verged Crenarchaeota as hosts, the radiation of the two
lineages probably was an ancient event. Genome contrac-
tion apparently has continued after ecological separation
and by either host specialization or switching. The larger
genome of Nstl and the presence of some primary meta-
bolic functions indicate that the terrestrial nanoarchaeon
has not reached the advanced genomic collapse stage that
is characteristic of its marine sister group. The complete
absence of split tRNA genes in Nstl and the presence of
the RNase P machinery is compatible with this scenario,
indicating that these unique alterations of the N. equitans
translation system evolved more recently as a result of the
extreme genomic degradation in this lineage. Genome se-
quencing of other members of the Nanorchaeota should
aid in further elaborating this scenario.

Phylogenetic analysis of the two Nanoarchaeota revealed
a strongly supported, deep branching clade that was origin-
ally proposed to represent a distinct phylum [1]. Clear af-
finities to the Euryarcheaota, in terms of shared gene
content, are maintained, as previously pointed out [6], but
such deep affinities might predate phyla divergence, such
as those between Korarchaeota and Crenarchaeota [35]
and between Thaumarchaeota and Crenarchaeota [36].
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Conceivably, the evolutionary driving force that led to the
separation of Nanoarchaeota from the Euryarchaeota was
an ancient symbiotic event, with the corollary that all
members of the Nanoarcheaota could be symbionts or
parasites. Similar to N. equitans, Nstl apparently relies on
an external source of almost all building blocks, with the
probable exception of some amount of ATP and NADH
that could be produced by glycolysis. The absence of an
ATP synthase, while extraordinary, remains to be con-
firmed by genome closure. It is notable, however, that even
in N. equitans, the assembly of a functional ATP synthase
complex has not been yet demonstrated and remains un-
certain given the absence of the genes for several subunits
[37], even though the present ones are expressed [38].
Although a specific host-symbiont/parasite association
between Acdl and Nstl requires formal proof by isolation
and cultivation of the two organisms in the laboratory, the
results presented here strongly suggest a relationship be-
tween these two organisms. The lack of readily detectable
