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Abstract

The “Nanoarchaeota” are a novel archaeal phylum, forming a unique, deep branch in the 16S rRNA based phylogenetic tree of life.
“Nanoarchaeum equitansthe first cultivated representative, is a hyperthermophilic, anaerobic nano-sized coccus with a genome size of
about 490 kb. Growth occurs only in coculture with a new chemolithoautotrdghicoccusspecies.
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1. Introduction 1 pm up to more than 100 pum, straight or slightly bent,
sometimes even branched (ehermoprotealef34]). The

Thus far, the domain of the Archaea has consisted of C€ll diameter is usually around 0.4 to 1 um, but some or-
three major branches: the Crenarchaeota (harboring thregd@nisms are only 0.17 um wide (e ghermofilun{29,33]).
validly described orders with 24 genera), the Euryarchaeota©0ccoid cells are regular to highly lobed spheres (&gl;

(10 orders, and more than 50 different genera), and the folobus[6], Pyrodictium[27], Pyrolobus{4]) with diameters
so-called “Korarchaeota”, a group which has only been P€tween 0.5 um up to about 15 uSigphylothermufl1]).
postulated on PCR-based amplification of 16S rRNA genes | € cell wall of most Crenarchaeota consists of an S-layer,
from environmental DNA [1,32]. The phylogeny of the usuallyaslngle (.glyco—)protel_nspeues, arrangedmtheform
Archaea is usually determined by sequence comparisons’! & Wo-dimensional crystaliine sheet [3,9,20,38picoc-
of their 16S rRNA genes; but similar tree topologies are cuscells are a notable exception: they are the first Archaea

obtained by sequence comparisons of 23S rRNAs and of© F\J/OSSGSS anﬂou';er membrantla [2‘?]' ine hvdroth |
various proteins [10,13,19,21,22]. ery recently, from a sample of a marine hydrotherma

system near Iceland, a coculture of a nigwicoccusstrain

and small archaeal cocci was obtained. The small cocci
turned out to represent the first member of a novel archaeal
phylum, the “Nanoarchaeota” [18]. This article summarizes
the present knowledge on their phylogeny, physiology and
ultrastructure, and discusses open questions and future
perspectives.

The cultivated Archaea are highly diverse in their phys-
iological characteristics: from strict chemolithoautotrophs,
gaining energy by sulfur, sulfate, nitrate, nitrite, carbon-
ate and oxygen respiration to obligate heterotrophs, from
mesophiles to hyperthermophiles, from obligate aerobes to
strict anaerobes, and from fresh water organisms to hyper-
salinic life forms [15,16,30]. A few Archaea are even known
to be living inside the cytoplasm of eukaryotes [7,24].

The morphology of the Archaea described today shows 2. Isolation, morphology and ultrastructure
great diversity as well: short to long rods with a length of '

On a diving excursion to the hydrothermal system at Kol-
" Correspondence and reprints. beinsey ridge north of Iceland samples of hot rocks and
E-mail addressharald.huber@biologie.uni-regensburg.de gravel were taken at a depth of about 106 m [12]. From en-

(H. Huber). richment cultures, a new member of the crenarchaeal genus
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Fig. 1. Transmission electron micrographs bf. ‘equitan& (A) Five cells of “N. equitan attached on the surface of the (centrdgihicoccuscell. Platinum
shadowed. Bar: 1 um. (B)N. equitans cell in the late phase of division. Platinum shadowed. Bar: 0.5 um. {C)eguitans cell with an extracellular
appendage, possibly a flagellum. Platinum shadowed. Bar: 0.5 pm. (D) Two freeze-éXcteepliitans cells, attached on the surface of twgnicoccuscells.

The “N. equitans cell on the right is in the early phase of division. Bar: 0.5 pm. (E) Surface relief reconstruction oNthegtiitans cell. Bar: 15 nm.

(F) Several freeze-etched cells and one freeze-fractured cell (in the phase of divisibh)egfuitans (left), attached to a (freeze-fracturetfnicoccuscell

(right). The arrows point to the attachment site of the outer membraigaicbccusand the S-layer ofN. equitan& Bar: 0.5 um. (G, H) Ultrathin section of a

“N. equitanscell, prepared by high-pressure freezing, freeze-substitution, and embedding in Epon. (G) Single cell. Bar: 0.5 um. (H) At higher magnification;
CM: cytoplasmic membrane; PP periplasm; SL: S-layer. Bar: 0.1 pm.
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Ignicoccuswas isolated]gnicoccussp. strain KIN4/l. By sity of Ignicoccusremains unchanged. This procedure ef-
careful inspection of these cultures using phase contrast lightficiently removes HS and improves the supply of mole-
microscopy, these cells were occasionally but consistently cular hydrogen. During the late exponential growth phase
seen to possess very small, coccoid “appendages” on theirof such a culture, about 80% of the\: equitan’ cells
outer surface. They turned out to consist of tiny cocci, with detach from their host cells and occur freely in suspen-
an extremely small cell diameter of about 400 nm. They sion.
are attached to the surface of thgnicoccussp. KIN4/| Several observations let us suggest tixaitéquitansand
cells, and therefore, the nami&dnoarchaeum equitahbas IgnicoccusKIN4/I exhibit a symbiontic mode of life: (i) iso-
been proposed [18]. They occur singly, in pairs (Fig. 1A), lated ‘N. equitan’ cells do not grow on cell homogenates
or sometimes 10 or more cells pkgnicoccuscell. Single of Ignicoccus they require an actively growintgnicoc-
cells and cells in pairs are occasionally found freely in sus- cusculture; (ii) attempts to growN. equitan, separated
pensions (Fig. 1B, C). Transmission electron micrographs from Ignicoccusby a semipermeable membrane, failed so
show the N. equitan cells to be regular cocci with a di-  far; therefore, a direct cell-cell contact with the host or-
ameter of only about 0.35-0.5 pm, occasionally with a sin- ganism appears to be a prerequisite for growth Iéf &g-
gle extracellular appendage, possibly a flagellum (Fig. 1C). uitans’; (iii) a wide variety of single and complex organic
In freeze-etched preparations, thi.“equitans cells are compounds was tested but did not significantly increase the
seen to be in direct attachment with the outer membranefinal cell density of N. equitans. Nevertheless, even a par-
of Ignicoccuscells (Fig. 1D, F). Their cell surface is cov- asitic lifestyle of ‘N. equitansrelative tolgnicoccuscannot
ered by an S-layer with a lattice constant of 15 nm. Sur- be excluded at present. However, this coculture demonstrates
face relief reconstruction [2] reveals hexagonal symmetry that close relationships (symbiosis or parasitism) occur not
(Fig. 1E); the arrangement of the subunits can be interpretedonly between members of different domains [7,24], but even
to be in the form of protein dimers, arranged on the two- within the Archaea.
fold symmetry axis. This has to be preliminary, as long as
a detailed three-dimensional reconstruction of the isolated
S-layer is not available. Ultrathin sections (Fig. 1G, H) re- 4. Phylogeny
veal the architecture of the cell envelope of this archaeum:
the cytoplasmic membrane is about 8 nm wide; the outer- At present, the phylum “Nanoarchaeota” harbors one
most ‘sheath’ is the S-layer, in sections visible as a zig-zag genus with one speciesN: equitans [18]. Besides this
shaped thin line; jointly, cytoplasmic membrane and S-layer organism, three further “nanoarchaeotal’” 16S rDNA se-
delimit the periplasmic space, which is about 20 nm wide. quences, obtained from environmental DNAs from differ-
ent high temperature biotopes are known (LPC33, OP9, and
CU1,; see below) [14].
3. Physiology The sequences of the 16S rRNA gene . “equi-
tans' and of the nanoarchaeotal environmental rDNAs are
As a major characteristicN. equitan$ only grows unique. They harbor many base exchanges even in so-
in coculture withlgnicoccusstrain KIN4/I. Both can be  called “highly conserved regions” usually employed as
cultivated in half strength SME medium [17] by anaerobic primer targets for PCR [18]. Due to this great divergence,
incubation at 90C in the presence of°Swithout organic cells of “N. equitan% do not stain by fluorescence in situ
components and an atmosphere ofaéhd CQ (80:20, v/v, hybridization (FISH) using 16S rRNA-targeted oligonu-
300 kPa). As metabolic end product of the coculturgSlis cleotide probes directed against Crenarchaeota and Eur-
formed, similar to the purignicoccusculture. We have not  yarchaeota (e.g., EURY498R, CREN499R [8]). However,
yet found any further metabolic productin the coculture. The using oligonucleotide probes based on thi équitansse-

final cell density in serum bottles of botiN equitan$and guence resulted in a positive fluorescence signal [18].
Ignicoccusstrain KIN4/I is about 3« 10 cells miL. In such In contrast to the unique primary structure of the 16S
a culture, about 50% of thignicoccuscells are occupied  rRNA molecule, its secondary structure exhibits the typ-
with one to more than terN. equitandcells. ical features of an archaeal 16S rRNA [18]. Neverthe-
Since growth of N. equitan8depends on propagatirig- less, 16S rDNA sequence comparisons reveal that the phy-

nicoccuscells (strain KIN4/1), quite similar growth parame- lum “Nanoarchaeota” represents an isolated deep lineage
ters are observed for both organisms. Growth of the cocul- within the Archaea distinct from the Crenarchaeota, Eu-
ture occurs under strictly anaerobic conditions between 70ryarchaeota and the “Korarchaeota” (Fig. 2). Within the
and 98°C. Minimal doubling times (70 min folgnicoccus phylum, “N. equitan$ and the three environmental 16S
45 min for N. equitan} are obtained at 90C, pH 6, and rDNA sequences exhibit phylogenetic similarities between
at salt concentrations of 2% NaCl. By adjusting the gassing 83 and 100% [14]. The sequence from the East Pacific Rise
rate to 30 Imin! (H,:CO, = 80:20), the final cell density ~ (LPC33) turned out to be identical to the sequence\bfég-

of “N. equitanscan be raised about 10-fold in enamel pro- uitans’, while the others exhibit new primary structures. The
tected fermentors (e.g., 300 | volume), while the cell den- three sequences consistently group together in phylogenetic
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Fig. 2. Phylogenetic tree based on 16S rRNA sequence comparisons. The tree was calculated using the maximum likelihood (FastDNAmI) progrdm, embedde
in the ARB package [21]. The interrupted line for the “Nanoarchaeota” outlines the uncertain position of the branching point.

0.10

analyses with high bootstrap support (98 to 100%), indepen-5. Molecular characteristics

dently of the calculation algorithm applied (distance matrix:

neighbor joining, Fitch—Margoliash algorithm, maximum The genome size ofN. equitanswas determined after
parsimony and maximume-likelihood methods). The phylo- digestion of its chromosome with restriction endonucleases
genetic similarities to all other archaeal species are betweenand separation of the resulting fragments by pulsed-field
67 and 80% [14], demonstrating that the phylum is well de- gel electrophoresis (PFGE) (Fig. 3). From the sizes of the
fined by 16S rRNA gene sequence comparisons. However,fragments obtained, the genome df.“equitan’ can be

the placement of the “Nanoarchaeota” branch within the Ar- estimated to be about 490 kb, and therefore it is the smallest
chaea is still an open question. Although they always brancharchaeal genome known today. This size was verified by
off very deeply, the position of the lineage within the phy- the results of whole genome sequencing, which was carried
logenetic tree varies significantly, depending on the analyt- out recently at DIVERSA Inc., San Diego, CA, USA.
ical method used. This correlates with low and insignifi- Details on the study of the genome will be available in the
cant bootstrap values for the branching point of the “Nano- near future. Small genome sizes are very common among
archaeota”. Phylogenetic investigations based on analyses obbligate parasitic and symbiotic bacteria (liycoplasma

the 23S rRNA sequence ofN: equitans resulted in sim- genitalium Buchnerasp., or Rickettsia prowazeRiiand

ilar tree topologies and were consistent with the 16S rRNA have developed by the elimination of unneeded genes in
trees (Hohn and Huber, unpublished). New organisms and/orcombination with a restricted uptake of new genes by lateral
nanoarchaeotal sequences may help to stabilize the rRNA-gene transfer [23]. Possibly, the genome bf ‘equitan’
based trees. In addition, the phylogenetic position of the has also undergone size reduction during the adaptation to
“Nanoarchaeota” can be addressed using sequence compaits host. On the other hand it is assumed that the genomes
isons of proteins, when the whole genome sequence will beof the first microorganisms were small [31] and therefore
available. a small genome may also be an ancient one. Due to the
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deep phylogenetic branching position M.“equitans and karya and Crenarchaeota from Euryarchaeota and Bacteria
its hyperthermophilic life style it is tempting to speculate [26]. An insertion of an 11-amino-acids fragment into this
that its small genome size is rather a primitive than a derived domain is only present in Eukarya and Crenarchaeota. It is
feature. Answers to this question may be given after detailed missing in Euryarchaeota and Bacteria; instead these groups

analyses of its genome content.

possess a segment of four to seven amino acids. Therefore,

EF-10 (= EF-Tu in Bacteria) is ubiquitously present in analysis of the GDP binding domain o equitan$ pro-
all organisms. A short oligopeptide fragment of its GDP vides a further phylogenetic marker for the nanoarchaeotal
binding domain has been used previously to distinguish Eu- phylum.

W B8 1 2 B

After PCR amplification, the corresponding gene frag-
ment of “N. equitan(as well as that ofgnicoccuskIN4/I)
4 S was cloned and sequenced. We compared the predicted

485.0 =
436.5 —
388.0 =

339.5 =
291.0 ==

242.5 =
194.0 =

145.5 —
97.0 =

48.5 = ‘\

amino acid sequence with those of other Archaea, Bacte-
ria and Eukarya. As expectddgnicoccusstrain KIN4/I har-

bors the 11 amino acid segment (indicated in Fig. 4), while
it is not present in N. equitan& Instead, it possesses a
4-amino-acid segment (GVQE, Fig. 4) (Hohn and Huber,
unpublished), a feature shared by Euryarchaeota and Bac-
teria. Therefore, it can be speculated that this structure is
characteristic for the whole phylum, although the verifica-

h tion has to await the isolation of further members of this
group.
i 6. Biotopesand distribution

“N. equitans was obtained from a sample of hot rocks
taken at the Kolbeinsey Ridge, north of Iceland [18], a

hydrothermal system located at the subpolar Mid-Atlantic

Fig. 3. Pulsed-field gel electrophoresis (PFGE) separation of digested Ridge at a depth of around 106 m [12]. Further “nano-
and undigested chromosomal DNA dfidnoarchaeum equitahsLane 1: archaeotal” 16S rRNA genes were obtained from environ-

BsdHIl digestion; lane 2:Asd digestion; lane 3Notl digestion; lane 4:
undigested chromosomal DNA; S Lambda Ladder PFG Marker (New

mental DNAs from a submarine high temperature biotope

England Biolabs). From the digestions the genome size can be estimated tcAt the East Pacific Rise (black smoker fragment, original pH

be 480 kb (370+ 70 + 30 + 10 kb, BsdHlI), 490 kb (455+ 35 kb, Asd), 6.5), and from two continental solfataric areas with low ionic
490 kb (175+ 170+ 120+ 25 kb, Notl) and 490 kb (undigested). strength: Obsidian Pool, Yellowstone National Park, USA
10 20 30 40
PRSP PR I I I I R I I I
Saccharomyces cerevisiae KNMITGTSQADCAILIIAGGV--GEFEAGISKDG---=-====—~ QTREH
Homo sapiens KNMITGTSQADCAVLIVAAGV--GEFEAGISKNG---------- QTREH Eukarya
Drosophila melanogaster KNMITGTSQADCAVQIDAAGT--GEFEAGISKND----=====~ QTREH
Rattus rattus KNMITGTSQADCAVLIVAAGV--GEFEAGISKNG---—----—- QTREH
Desulfurococcus mobilis KNMITGASQADAAILVVSARK--GEFEAGMSAEG---——-————— QTREH
Pyrodictium occultum = ----- GASQADAAILVVSARK--GEFEAGMSAEG-----—-—--—-—-~—
Aeropyrum pernix KNMITGASQADAAILVVSARK--GEFEAGMSTEG--------—- QTREH
Sulfolobus solfataricus KNMITGASQADAAILVVSAKK--GEYEAGMSVEG-—-—-——-—-———— QTREH Cren-
Sulfolobus acidocaldarius KNMITGASQADAAILVVSAKK--GEYEAGMSAEG---======~— QTREH
Staphylothermus marinus KNMITGASQADAALLVVSARK--GEFEAGMSPEG-----—--—~ orrex || archacota
Ignicoccus strain Kin4/I KNMITGASQADAAILVVSARP--GEFEAGMSAEG---------— QTREH
Pyrobaculum aerophilum KNMIVGASQADAALFVISARP--GEFEAAIGPQG---------~- QGREH
Thermoplasma acidophilum KNMITGTSQADAAILVISARE-—-—--—-——-—-—— GEGVME--QTREH
Methanococcus jannaschii KNMITGASQADAAVLVVDVND-—-—=========— AKTGIQP--QTREH
Methanococcus vanniellii KNMITGASQADAAVLVVNVDD---—--=-———=——- AKSGIQP--QTREH
Archaeoglobus fulgidus KNMITGASQADAAVLVMDVVE-=======—===—————- KVQP--QTREH Eury-
Thermococcus celer KNMITGASQADAAVLVVAVTD-——======—=—==———, GVMP--QTKEH
Pyrococcus abyssi KNMITGASQADAAVLVVAATD--——-——=———=——=-~— evmp--orken || archaeota
Pyrococcus horikoshii KNMITGASQADAAVLVVAATD---——===—===—===— GVMP--QTKEH
Pyrococcus woesei KNMITGASQADAAVLVVAATD-————————————=——— GVMP--QTKEH
Methanothermobacter thermoautotr. KNMITGASQADAAVLVVAVDD-———==—====—————— GVMP--QTKEH
Halobacterium salinarum KNMITGASQADNAVLVVAADD -~ === === —==—————— GVAP--QTREH
“"Nanoarchaeum equitans” KNMITGASQADAAVLVVAADD - ————=—==———————~—| GVQE--QTQEH Nanoarchaeota |
Thermotoga maritima KNMITGAAQMDGAILVVAATD-——————————mmm GPMP--QTREH
Escherichia coli KNMITGAAQMDGAILVVAATD---============== GPMP--QTREH Bacteria ‘

Fig. 4. Comparison of EFdl.and EF-Tu amino acid sequences of Eukarya, Crenarchaeota, Euryarchaeota, Bacteria, and “Nanoarchaeota”. Eleven amino acid

segments are characteristic for Eukarya and Crenarchaeota; four amino acid segments are characteristic for Bacteria and Euryarchaeotareseria also

“N. equitan&
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(original temperature 8%C, pH 6.0) and Caldera Uzon,
Kamchatka, Russia (original temperature°85 pH 5.5)
[14]. These results document a broad distribution of mem-  We wish to thank Peter Hummel, Daniela Nather, Guido
bers of the "Nanoarchaeota” in high temperature biotopes Grossman and Ulrike Jahn for excellent technical support.
in the deep sea, in shallow marine areas and in solfataricThis work was supported by a grant from the Deutsche
fields on land. Moreover, the habitats are located on differ- Forschungsgemeinschaft to HH (Forderkennzeichen HU
ent continents, suggesting a world-wide distibution for the 703/1) and the Fonds der chemischen Industrie to KOS.
“Nanoarchaeota”.
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