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Abstract

The “Nanoarchaeota” are a novel archaeal phylum, forming a unique, deep branch in the 16S rRNA based phylogenetic tr
“Nanoarchaeum equitans”, the first cultivated representative, is a hyperthermophilic, anaerobic nano-sized coccus with a genom
about 490 kb. Growth occurs only in coculture with a new chemolithoautotrophicIgnicoccusspecies.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Thus far, the domain of the Archaea has consisted
three major branches: the Crenarchaeota (harboring
validly described orders with 24 genera), the Euryarcha
(10 orders, and more than 50 different genera), and
so-called “Korarchaeota”, a group which has only be
postulated on PCR-based amplification of 16S rRNA ge
from environmental DNA [1,32]. The phylogeny of th
Archaea is usually determined by sequence compari
of their 16S rRNA genes; but similar tree topologies
obtained by sequence comparisons of 23S rRNAs an
various proteins [10,13,19,21,22].

The cultivated Archaea are highly diverse in their ph
iological characteristics: from strict chemolithoautotrop
gaining energy by sulfur, sulfate, nitrate, nitrite, carbo
ate and oxygen respiration to obligate heterotrophs, f
mesophiles to hyperthermophiles, from obligate aerobe
strict anaerobes, and from fresh water organisms to hy
salinic life forms [15,16,30]. A few Archaea are even kno
to be living inside the cytoplasm of eukaryotes [7,24].

The morphology of the Archaea described today sh
great diversity as well: short to long rods with a length
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1 µm up to more than 100 µm, straight or slightly be
sometimes even branched (e.g.,Thermoproteales[34]). The
cell diameter is usually around 0.4 to 1 µm, but some
ganisms are only 0.17 µm wide (e.g.,Thermofilum[29,33]).
Coccoid cells are regular to highly lobed spheres (e.g.,Sul-
folobus[6], Pyrodictium[27], Pyrolobus[4]) with diameters
between 0.5 µm up to about 15 µm (Staphylothermus[11]).
The cell wall of most Crenarchaeota consists of an S-la
usually a single (glyco-)protein species, arranged in the f
of a two-dimensional crystalline sheet [3,9,20,28];Ignicoc-
cuscells are a notable exception: they are the first Arch
to possess an outer membrane [25].

Very recently, from a sample of a marine hydrotherm
system near Iceland, a coculture of a newIgnicoccusstrain
and small archaeal cocci was obtained. The small c
turned out to represent the first member of a novel arch
phylum, the “Nanoarchaeota” [18]. This article summari
the present knowledge on their phylogeny, physiology
ultrastructure, and discusses open questions and fu
perspectives.

2. Isolation, morphology and ultrastructure

On a diving excursion to the hydrothermal system at K
beinsey ridge north of Iceland samples of hot rocks
gravel were taken at a depth of about 106 m [12]. From
richment cultures, a new member of the crenarchaeal g
Elsevier SAS. All rights reserved.
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Fig. 1. Transmission electron micrographs of “N. equitans”. (A) Five cells of “N. equitans”, attached on the surface of the (central)Ignicoccuscell. Platinum
shadowed. Bar: 1 µm. (B) “N. equitans” cell in the late phase of division. Platinum shadowed. Bar: 0.5 µm. (C) “N. equitans” cell with an extracellular
appendage, possibly a flagellum. Platinum shadowed. Bar: 0.5 µm. (D) Two freeze-etched “N. equitans” cells, attached on the surface of twoIgnicoccuscells.
The “N. equitans” cell on the right is in the early phase of division. Bar: 0.5 µm. (E) Surface relief reconstruction of the “N. equitans” cell. Bar: 15 nm.
(F) Several freeze-etched cells and one freeze-fractured cell (in the phase of division) of “N. equitans” (left), attached to a (freeze-fractured)Ignicoccuscell
(right). The arrows point to the attachment site of the outer membrane ofIgnicoccusand the S-layer of “N. equitans”. Bar: 0.5 µm. (G, H) Ultrathin section of a
“N. equitans” cell, prepared by high-pressure freezing, freeze-substitution, and embedding in Epon. (G) Single cell. Bar: 0.5 µm. (H) At higher magnification;
CM: cytoplasmic membrane; PP periplasm; SL: S-layer. Bar: 0.1 µm.
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Ignicoccuswas isolated,Ignicoccussp. strain KIN4/I. By
careful inspection of these cultures using phase contrast
microscopy, these cells were occasionally but consiste
seen to possess very small, coccoid “appendages” on
outer surface. They turned out to consist of tiny cocci, w
an extremely small cell diameter of about 400 nm. Th
are attached to the surface of theIgnicoccussp. KIN4/I
cells, and therefore, the name “Nanoarchaeum equitans” has
been proposed [18]. They occur singly, in pairs (Fig. 1
or sometimes 10 or more cells perIgnicoccuscell. Single
cells and cells in pairs are occasionally found freely in s
pensions (Fig. 1B, C). Transmission electron microgra
show the “N. equitans” cells to be regular cocci with a di
ameter of only about 0.35–0.5 µm, occasionally with a
gle extracellular appendage, possibly a flagellum (Fig. 1
In freeze-etched preparations, the “N. equitans” cells are
seen to be in direct attachment with the outer membr
of Ignicoccuscells (Fig. 1D, F). Their cell surface is cov
ered by an S-layer with a lattice constant of 15 nm. S
face relief reconstruction [2] reveals hexagonal symm
(Fig. 1E); the arrangement of the subunits can be interpr
to be in the form of protein dimers, arranged on the tw
fold symmetry axis. This has to be preliminary, as long
a detailed three-dimensional reconstruction of the isola
S-layer is not available. Ultrathin sections (Fig. 1G, H)
veal the architecture of the cell envelope of this archae
the cytoplasmic membrane is about 8 nm wide; the ou
most ‘sheath’ is the S-layer, in sections visible as a zig-
shaped thin line; jointly, cytoplasmic membrane and S-la
delimit the periplasmic space, which is about 20 nm wide

3. Physiology

As a major characteristic “N. equitans” only grows
in coculture with Ignicoccusstrain KIN4/I. Both can be
cultivated in half strength SME medium [17] by anaero
incubation at 90◦C in the presence of S◦ without organic
components and an atmosphere of H2 and CO2 (80:20, v/v,
300 kPa). As metabolic end product of the coculture, H2S is
formed, similar to the pureIgnicoccusculture. We have no
yet found any further metabolic product in the coculture. T
final cell density in serum bottles of both “N. equitans” and
Ignicoccusstrain KIN4/I is about 3×107 cells ml−1. In such
a culture, about 50% of theIgnicoccuscells are occupied
with one to more than ten “N. equitans” cells.

Since growth of “N. equitans” depends on propagatingIg-
nicoccuscells (strain KIN4/I), quite similar growth param
ters are observed for both organisms. Growth of the co
ture occurs under strictly anaerobic conditions between
and 98◦C. Minimal doubling times (70 min forIgnicoccus,
45 min for N. equitans) are obtained at 90◦C, pH 6, and
at salt concentrations of 2% NaCl. By adjusting the gas
rate to 30 l min−1 (H2:CO2 = 80:20), the final cell density
of “N. equitans” can be raised about 10-fold in enamel pr
tected fermentors (e.g., 300 l volume), while the cell d
t

r

sity of Ignicoccusremains unchanged. This procedure
ficiently removes H2S and improves the supply of mol
cular hydrogen. During the late exponential growth ph
of such a culture, about 80% of the “N. equitans” cells
detach from their host cells and occur freely in susp
sion.

Several observations let us suggest that “N. equitans” and
IgnicoccusKIN4/I exhibit a symbiontic mode of life: (i) iso
lated “N. equitans” cells do not grow on cell homogenate
of Ignicoccus, they require an actively growingIgnicoc-
cusculture; (ii) attempts to grow “N. equitans”, separated
from Ignicoccusby a semipermeable membrane, failed
far; therefore, a direct cell–cell contact with the host
ganism appears to be a prerequisite for growth of “N. eq-
uitans”; (iii) a wide variety of single and complex organ
compounds was tested but did not significantly increase
final cell density of “N. equitans”. Nevertheless, even a pa
asitic lifestyle of “N. equitans” relative toIgnicoccuscannot
be excluded at present. However, this coculture demonst
that close relationships (symbiosis or parasitism) occur
only between members of different domains [7,24], but e
within the Archaea.

4. Phylogeny

At present, the phylum “Nanoarchaeota” harbors
genus with one species: “N. equitans” [18]. Besides this
organism, three further “nanoarchaeotal” 16S rDNA
quences, obtained from environmental DNAs from diff
ent high temperature biotopes are known (LPC33, OP9,
CU1; see below) [14].

The sequences of the 16S rRNA gene of “N. equi-
tans” and of the nanoarchaeotal environmental rDNAs
unique. They harbor many base exchanges even in
called “highly conserved regions” usually employed
primer targets for PCR [18]. Due to this great divergen
cells of “N. equitans” do not stain by fluorescence in si
hybridization (FISH) using 16S rRNA-targeted oligon
cleotide probes directed against Crenarchaeota and
yarchaeota (e.g., EURY498R, CREN499R [8]). Howev
using oligonucleotide probes based on the “N. equitans” se-
quence resulted in a positive fluorescence signal [18].

In contrast to the unique primary structure of the 1
rRNA molecule, its secondary structure exhibits the t
ical features of an archaeal 16S rRNA [18]. Nevert
less, 16S rDNA sequence comparisons reveal that the
lum “Nanoarchaeota” represents an isolated deep line
within the Archaea distinct from the Crenarchaeota,
ryarchaeota and the “Korarchaeota” (Fig. 2). Within
phylum, “N. equitans” and the three environmental 16
rDNA sequences exhibit phylogenetic similarities betwe
83 and 100% [14]. The sequence from the East Pacific
(LPC33) turned out to be identical to the sequence of “N. eq-
uitans”, while the others exhibit new primary structures. T
three sequences consistently group together in phyloge



168 H. Huber et al. / Research in Microbiology 154 (2003) 165–171

, embedde
Fig. 2. Phylogenetic tree based on 16S rRNA sequence comparisons. The tree was calculated using the maximum likelihood (FastDNAml) programd
in the ARB package [21]. The interrupted line for the “Nanoarchaeota” outlines the uncertain position of the branching point.
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analyses with high bootstrap support (98 to 100%), indep
dently of the calculation algorithm applied (distance mat
neighbor joining, Fitch–Margoliash algorithm, maximu
parsimony and maximum-likelihood methods). The phy
genetic similarities to all other archaeal species are betw
67 and 80% [14], demonstrating that the phylum is well
fined by 16S rRNA gene sequence comparisons. Howe
the placement of the “Nanoarchaeota” branch within the
chaea is still an open question. Although they always bra
off very deeply, the position of the lineage within the ph
logenetic tree varies significantly, depending on the ana
ical method used. This correlates with low and insign
cant bootstrap values for the branching point of the “Na
archaeota”. Phylogenetic investigations based on analys
the 23S rRNA sequence of “N. equitans” resulted in sim-
ilar tree topologies and were consistent with the 16S rR
trees (Hohn and Huber, unpublished). New organisms an
nanoarchaeotal sequences may help to stabilize the rR
based trees. In addition, the phylogenetic position of
“Nanoarchaeota” can be addressed using sequence co
isons of proteins, when the whole genome sequence wi
available.
,

f

r-

5. Molecular characteristics

The genome size of “N. equitans” was determined afte
digestion of its chromosome with restriction endonuclea
and separation of the resulting fragments by pulsed-fi
gel electrophoresis (PFGE) (Fig. 3). From the sizes of
fragments obtained, the genome of “N. equitans” can be
estimated to be about 490 kb, and therefore it is the sma
archaeal genome known today. This size was verified
the results of whole genome sequencing, which was ca
out recently at DIVERSA Inc., San Diego, CA, USA
Details on the study of the genome will be available in
near future. Small genome sizes are very common am
obligate parasitic and symbiotic bacteria (likeMycoplasma
genitalium, Buchnera sp., or Rickettsia prowazekii) and
have developed by the elimination of unneeded gene
combination with a restricted uptake of new genes by lat
gene transfer [23]. Possibly, the genome of “N. equitans”
has also undergone size reduction during the adaptatio
its host. On the other hand it is assumed that the geno
of the first microorganisms were small [31] and theref
a small genome may also be an ancient one. Due to
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deep phylogenetic branching position of “N. equitans” and
its hyperthermophilic life style it is tempting to specula
that its small genome size is rather a primitive than a der
feature. Answers to this question may be given after deta
analyses of its genome content.

EF-1α (= EF-Tu in Bacteria) is ubiquitously present
all organisms. A short oligopeptide fragment of its GD
binding domain has been used previously to distinguish

Fig. 3. Pulsed-field gel electrophoresis (PFGE) separation of dige
and undigested chromosomal DNA of “Nanoarchaeum equitans”. Lane 1:
BssHII digestion; lane 2:AscI digestion; lane 3:NotI digestion; lane 4:
undigested chromosomal DNA; S= Lambda Ladder PFG Marker (New
England Biolabs). From the digestions the genome size can be estima
be 480 kb (370+ 70 + 30 + 10 kb,BssHII), 490 kb (455+ 35 kb,AscI),
490 kb (175+ 170+ 120+ 25 kb,NotI) and 490 kb (undigested).
karya and Crenarchaeota from Euryarchaeota and Bac
[26]. An insertion of an 11-amino-acids fragment into th
domain is only present in Eukarya and Crenarchaeota.
missing in Euryarchaeota and Bacteria; instead these gr
possess a segment of four to seven amino acids. There
analysis of the GDP binding domain of “N. equitans” pro-
vides a further phylogenetic marker for the nanoarchae
phylum.

After PCR amplification, the corresponding gene fra
ment of “N. equitans” (as well as that ofIgnicoccusKIN4/I)
was cloned and sequenced. We compared the pred
amino acid sequence with those of other Archaea, Ba
ria and Eukarya. As expected,Ignicoccusstrain KIN4/I har-
bors the 11 amino acid segment (indicated in Fig. 4), w
it is not present in “N. equitans”. Instead, it possesses
4-amino-acid segment (GVQE, Fig. 4) (Hohn and Hub
unpublished), a feature shared by Euryarchaeota and
teria. Therefore, it can be speculated that this structur
characteristic for the whole phylum, although the verifi
tion has to await the isolation of further members of t
group.

6. Biotopes and distribution

“N. equitans” was obtained from a sample of hot roc
taken at the Kolbeinsey Ridge, north of Iceland [18]
hydrothermal system located at the subpolar Mid-Atlan
Ridge at a depth of around 106 m [12]. Further “na
archaeotal” 16S rRNA genes were obtained from envir
mental DNAs from a submarine high temperature biot
at the East Pacific Rise (black smoker fragment, original
6.5), and from two continental solfataric areas with low io
strength: Obsidian Pool, Yellowstone National Park, U
amino acid
also
Fig. 4. Comparison of EF-1α and EF-Tu amino acid sequences of Eukarya, Crenarchaeota, Euryarchaeota, Bacteria, and “Nanoarchaeota”. Eleven
segments are characteristic for Eukarya and Crenarchaeota; four amino acid segments are characteristic for Bacteria and Euryarchaeota and arepresent in
“N. equitans”.
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(original temperature 80◦C, pH 6.0) and Caldera Uzon
Kamchatka, Russia (original temperature 85◦C, pH 5.5)
[14]. These results document a broad distribution of me
bers of the “Nanoarchaeota” in high temperature bioto
in the deep sea, in shallow marine areas and in solfa
fields on land. Moreover, the habitats are located on dif
ent continents, suggesting a world-wide distibution for
“Nanoarchaeota”.

7. Conclusions and outlook

The discovery of “Nanoarchaeum equitans”and the re-
lated 16S rDNA sequences has significantly increased
knowledge of the diversity of Archaea and of hyperth
mophiles. Although our knowledge of physiological a
molecular characteristics of “N. equitans” is still prelimi-
nary, it can be expected that detailed studies on the inte
tion with its host will give general insights into the organiz
tion of the symbiotic/parasitic mode of life, into interspec
exchange of biomolecules, and into regulation phenom
From the analysis of its genome, which is under way, furt
knowledge on its metabolism and molecular biochemi
can be expected. However, experimental limitations may
cur based on the fact that “N. equitans” can only be grown
in coculture with aIgnicoccusstrain. In addition, it canno
be plated (yet), and mutants are not available.

The cell and genome size of “N. equitans” are close to
the theoretical limits of a living cell (e.g., the volume
a “N. equitans” cell is less than 1% of the volume of a
E. coli cell). At present, an interesting open question
whether “N. equitans” is a still primitive form of life (due
to its high growth temperature and anaerobic mode of li
or if it is a highly derived descendant of an already kno
group with a reduced (degenerated or streamlined) gen
based on its symbiotic/parasitic mode of life [5,18]. Analy
of the “N. equitans” genome and the isolation of furthe
members of this phylum may give insights into this quest
However, from the current information, it is unclear wheth
the new “Nanoarchaeota” sequences represent small
symbiotic/parasitic organisms similar to “N. equitans” and
which organisms might serve as possible hosts.

The isolation of “N. equitans” also has consequence
upon our interpretation of environmental studies based
PCR-amplified (16S rRNA) genes and the diversity of
on earth. Studies with so-called universal PCR primers n
essarily restrict our view to those organisms whose rR
sequence is already known or at least very similar to
tivated organisms. It cannot, however, highlight organis
whose rRNA is so different that it is not recognized or a
plified by these primers, as was the case with “N. equitans”.
Therefore, the discovery of “N. equitans” promises that the
diversity of microbial life on earth may be much greater th
it was formerly expected.
-

.

,

Acknowledgements

We wish to thank Peter Hummel, Daniela Näther, Gu
Grossman and Ulrike Jahn for excellent technical supp
This work was supported by a grant from the Deuts
Forschungsgemeinschaft to HH (Förderkennzeichen
703/1) and the Fonds der chemischen Industrie to KOS.

References

[1] S.M. Barns, C.F. Delwiche, J.D. Jeffrey, N.R. Pace, Perspective
archaeal diversity, thermophily and monophyly from environmen
rRNA sequences, Proc. Natl. Acad. Sci. USA 93 (1996) 9188–919

[2] W. Baumeister, R. Guckenberger, H. Engelhardt, C.L.F. Woodc
Metal shadowing and decoration in electron microscopy of biolog
macromolecules, Ann. NY Acad. Sci. 483 (1986) 57–75.

[3] W. Baumeister, G. Lembcke, Structural features of archaebacteria
envelopes, J. Bioenerg. Biomembr. 24 (1992) 567–575.

[4] E. Blöchl, R. Rachel, S. Burggraf, D. Hafenbradl, H.W. Jannas
K.O. Stetter,Pyrolobus fumarii, gen. and sp. nov., represents a no
group of archaea, extending the upper temperature limit for life
113◦C, Extremophiles 1 (1997) 14–21.

[5] Y. Boucher, W.F. Doolittle, Something new under the sea, Nature
(2002) 27–28.

[6] T.D. Brock, K.M. Brock, R.T. Belly, R.L. Weiss,Sulfolobus: A new
genus of sulfur-oxidizing bacteria living at low pH and high tempe
ture, Arch. Mikrobiol. 84 (1972) 54–68.

[7] J.J.A. van Bruggen, K.B. Zwart, J.G.F. Hermans, E.M. van Ho
C.K. Stumm, G.D. Vogels, Isolation and characterization
Methanoplanus endosymbiosussp. nov. an endosymbiont of the m
rine sapropelic ciliateMetopus contortusQuennerstedt, Arch. Micro
biol. 144 (1986) 367–374.

[8] S. Burggraf, T. Mayer, R. Amann, S. Schadhauser, C.R. Wo
K.O. Stetter, Identifying members of the domain Archaea with rRN
targeted oligonucleotide probes, Appl. Environ. Microbiol. 60 (19
3112–3119.

[9] H. Engelhardt, J. Peters, Structural research on surface layers: A
on stability, surface layer homology domains, and surface layer
wall interactions, J. Struct. Biol. 124 (1998) 276–302.

[10] N.M. Fast, J.M. Logsdon Jr., W.F. Doolittle, Phylogenetic analysis
the TATA box binding protein (TBP) gene fromNosema locustae:
Evidence for a microsporidia–fungi relationship and spliceoso
intron loss, Mol. Biol. Evol. 16 (1999) 1415–1419.

[11] G. Fiala, K.O. Stetter, H.W. Jannasch, T.A. Langworthy, J. Mad
Staphylothermus marinussp. nov. represents a novel genus of
tremely thermophilic submarine heterotrophic archaebacteria gro
up to 98◦C, System. Appl. Microbiol. 8 (1986) 106–113.

[12] H. Fricke, O. Giere, K.O. Stetter, G.A. Alfredsson, J.K. Kristjanss
Hydrothermal vent communities at the shallow subpolar Mid-Atlan
ridge, Mar. Biol. 50 (1989) 425–429.

[13] J.P. Gogarten, H. Kibak, P. Dittrich, L. Taiz, E.J. Bowma
B.J. Bowman, N.F. Manolson, R.J. Poole, T. Date, T. Oshi
J. Konishi, K. Denda, M. Yoshida, Evolution of the vacuo
H1-ATPase: Implications for the origin of eukaryotes, Proc. N
Acad. Sci. USA 86 (1989) 6661–6665.

[14] M.J. Hohn, B.P. Hedlund, H. Huber, Detection of 16S rDNA sequen
representing the novel phylum “Nanoarchaeota”: Indication for a w
distribution in high temperature biotopes, System. Appl. Microbiol.
(2002) 551–554.

[15] H. Huber, K.O. Stetter, Crenarchaeota, in: Encyclopedia of
Science, London, Nature Publishing Group, 1999 [http://www.els.n

[16] H. Huber, K.O. Stetter, Euryarchaeota, in: Encyclopedia of L
Science, London, Nature Publishing Group, 1999 [http://www.els.n



H. Huber et al. / Research in Microbiology 154 (2003) 165–171 171

O.
ic,
cies,

.O.
ized

on-
rom
A 86

and
he

am,

ce
tion.

eal
02)

n of
1099
lic

of

lar

ary-

f the

59–

ce
mic

rop-
ial

99

of
carya,

c,
s
spir-

lz,
i-
ras,
[17] H. Huber, S. Burggraf, T. Mayer, I. Wyschkony, R. Rachel, K.
Stetter, Ignicoccusgen. nov., a novel genus of hyperthermophil
chemolithoautotrophic Archaea, represented by two new spe
Ignicoccus islandicussp. nov. andIgnicoccus pacificussp. nov., Int.
J. Syst. Evol. Microbiol. 50 (2000) 2093–2100.

[18] H. Huber, M.J. Hohn, R. Rachel, T. Fuchs, V.C. Wimmer, K
Stetter, A new phylum of Archaea represented by a nanos
hyperthermophilic symbiont, Nature 417 (2002) 63–67.

[19] N. Iwabe, K.-I. Kuma, M. Hasegawa, S. Osawa, T. Miyata, Evoluti
ary relationship of Archaea, Bacteria, and eukaryotes inferred f
phylogenetic trees of duplicated genes, Proc. Natl. Acad. Sci. US
(1989) 9355–9359.

[20] O. Kandler, H. König, Cell envelopes of archaea: structure
chemistry, in: M. Kates, D.J. Kushnen, A.T. Matheson (Eds.), T
Biochemistry of Archaea (Archaebacteria), Elsevier, Amsterd
1993, pp. 223–259.

[21] W. Ludwig, O. Strunk, ARB: A software environment for sequen
data, 2001, available at http://www.arb-home.de/arb/documenta
html.

[22] O. Matte-Tailliez, C. Brochier, P. Forterre, H. Philippe, Archa
phylogeny based on ribosomal proteins, Mol. Biol. Evol. 19 (20
631–639.

[23] H. Ochman, N.A. Moran, Genes lost and genes found: Evolutio
bacterial pathogenesis and symbiosis, Science 292 (2001) 1096–

[24] C.M. Preston, K.Y. Wu, T.F. Molinski, E.F. DeLong, A psychrophi
crenarchaeon inhabits a marine sponge:Cenarchaeum symbiosumgen.
and sp. nov., Proc. Natl. Acad. Sci. USA 93 (1996) 6241–6246.

[25] R. Rachel, I. Wyschkony, S. Riehl, H. Huber, The ultrastructure
.

Ignicoccus: Evidence for a novel outer membrane and for intracellu
budding in an archaeon, Archaea 1 (2002) 9–18.

[26] M.C. Rivera, J.A. Lake, Evidence that eukaryotes and eocyte prok
otes are immediate relatives, Science 257 (1992) 74–76.

[27] G. Rieger, R. Rachel, R. Hermann, K.O. Stetter, Ultrastructure o
hyperthermophilic archaeonPyrodictium abyssi, J. Struct. Biol. 115
(1995) 78–87.

[28] M. Sára, U.B. Sleytr, S-layer proteins, J. Bacteriol. 182 (2000) 8
868.

[29] K.O. Stetter, Size limits of very small microorganisms, in: Spa
Studies Board (Ed.), Proceedings of a Workshop, National Acade
Press, Washington, DC, 1998, pp. 68–73.

[30] K.O. Stetter, Hyperthermophiles: Isolation, classification, and p
erties, in: K. Horikoshi, W.D. Grant (Eds.), Extremophiles Microb
Life in Extreme Environments, Wiley, New York, 1999, pp. 1–24.

[31] C.R. Woese, On the evolution of cells, Proc. Natl. Acad. Sci. USA
(2002) 8742–8747.

[32] C.R. Woese, O. Kandler, M.L. Wheelis, Towards a natural system
organisms: Proposal for the domains archaea, bacteria and eu
Proc. Natl. Acad. Sci. USA 87 (1990) 4576–4579.

[33] W. Zillig, A. Gierl, G. Schreiber, S. Wunderl, D. Janekovi
K.O. Stetter, H.P. Klenk, The archaebacteriumThermofilum penden
represents a novel genus of the thermophilic, anaerobic sulfur re
ing Thermoproteales, System. Appl. Microbiol. 4 (1983) 79–87.

[34] W. Zillig, K.O. Stetter, W. Schäfer, D. Janekovic, S. Wunderl, I. Ho
P. Palm,Thermoproteales: A novel type of extremely thermoac
dophilic anaerobic archaebacteria isolated from Icelandic Solfata
Zbl. Bakt. Hyg. I C 2 (1981) 205–227.


