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Abstract A novel, moderately halophilic bacterium was
isolated from the brine—seawater interface of the Shaban
Deep, northern Red Sea. A polyphasic approach was
used for the taxonomic characterization of this isolate,
with the phenotypic and phylogenetic data clearly
showing the distinctiveness of this bacterium. Cells of
isolate E1L3A were Gram-negative, monotrichous cocci
that showed a remarkable physiological flexibility, as
could be seen by the quite broad growth ranges for ox-
ygen, temperature, NaCl, and, to a smaller degree, pH.
In addition, it was able to grow from atmospheric
pressure up to 15 MPa, making it a piezotolerant bac-
terium. Phylogenetically, strain E1L3A4 represents a new,
deeply branching lineage within the y-Proteobacteria, as
determined by 16S rRNA gene sequence analysis. No
close relatives are known so far, with sequence similarity
to other cultivated members of the y-Proteobacteria
being lower than 88%. The creation of the new genus
Salinisphaera and the new species Salinisphaera shaban-
ensis (DSM 14853; JCM 11575) for this new and highly
versatile microorganism is therefore proposed.

Keywords Brine - Moderately halophilic -
Piezotolerant - Red Sea - Salinisphaera -
Salinisphaera shabanensis - Shaban Deep

Communicated by W.D. Grant

A. Antunes - W. Eder - R. Huber (I)

Lehrstuhl fiir Mikrobiologie und Archaeenzentrum,
Universitdt Regensburg, 93053 Regensburg, Germany
E-mail: robert.huber@ biologie.uni-regensburg.de
Tel.: +49-941-9433182

Fax: +49-941-9432403

A. Antunes
Departamento de Bioquimica,
Universidade de Coimbra, Coimbra, Portugal

P. Fareleira - H. Santos
Instituto de Tecnologia Quimica e Biologica,
Universidade Nova de Lisboa, Oeiras, Portugal

Introduction

Transition from continental to oceanic rift is currently
occurring in the Red Sea. Data from the region suggest
that initial emplacement of oceanic crust is punctiform
and is progressing from south to north. This would
justify the differential topography of the bottom of the
Red Sea, with a fully formed rift valley in the southern
area contrasting with only isolated deeps in the north-
ernmost parts (Bonatti 1985). Some deeps are filled with
highly saline brines as a result of leaching from sub-
bottom Miocene evaporites (Manheim 1974; Zierenberg
and Shanks 1986; Hartmann et al. 1998; Scholten et al.
1999).

The Shaban Deep (Shaban is the eighth month of the
Muslim year) lies near 26°16’ N, 35°21° E. The Deep was
originally discovered in 1981 (Cruise Report Menor 1
1983; Cruise Report Menor 2 1984), but the northern
and western basins were detected later (Pautot et al.
1984; Puchelt 1984). The Shaban Deep has an approxi-
mately rhombic shape and extends over an area of
10x6 km with a central ridge with two adjacent saddles,
delineating four different basins (Pautot et al. 1984). The
brine—seawater interface was found to occur at a water
depth near 1,325 m, while an estimated maximum depth
occurred at 1,540 m (southern basin). An average
temperature of approximately 23 °C and pH values near
6.0 were registered in the upper brine of the Deep
(Hartmann et al. 1998). All four basins are filled with
H,S-free anoxic brine waters with salinity values of
25.6-26.1%, close to saturation (Michaelis et al. 1990;
Hartmann et al. 1998).

Despite the great microbiological potential of the
brine pools of the Red Sea (Eder et al. 1999, 2001), they
still remain a poorly studied environment, although
some noteworthy exceptions do exist. Initial studies were
performed on the Atlantis II and Discovery Deeps, but
bacteria were only detected in the transition zone of the
first Deep and in the sediments of the second, while the
brines themselves were thought to be sterile (Watson and
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Waterbury 1969). The existence of a halotolerant Des-
ulfovibrio strain from the Atlantis II Deep brine—sea-
water interface was reported by Triiper (1969), but the
strain was not fully described. About 20 years later,
Fiala et al. (1990) isolated and characterized a new
flexible Gram-negative bacterium, Flexistipes sinusarab-
ici, from the Atlantis II Deep. Recently, novel 16S
rRNA gene sequences were retrieved from the
brine-sediment and the brine-seawater interface of
Kebrit Deep, indicating that novel groups of Archaea
and Bacteria might thrive in this extreme environment
(Eder et al. 1999, 2001). Further work on samples from
the brine-seawater interface of Kebrit Deep resulted in
the isolation of two new strains of the genus Halanaer-
obium, which had been predicted by in situ phylogenetic
analysis (Eder et al. 2001).

During “Meteor” cruise 44/3 in 1999, samples from
the brine-seawater interface from the Shaban Deep were
retrieved. Besides phylogenetic analysis (Eder et al.
2002), culture attempts were performed from sample ST-
12 of the eastern basin, which resulted in the isolation of
strain E/L3A4. A polyphasic approach was used for
the taxonomic characterization of this isolate, with the
phenotypic and phylogenetic data clearly showing the
distinctiveness of this bacterium. We therefore propose
the creation of the new genus Salinisphaera, and the new
species Salinisphaera shabanensis for this new, highly
versatile bacterium.

Materials and methods

Sampling

The brine—seawater interface of the east basin of the Shaban Deep,
Red Sea, was sampled during R.V. “Meteor” cruise M 44/3 in 1999
using a rosette water sampler equipped with 12 Niskin bottles
(101) and a CTD unit for monitoring salinity, temperature,
transmission, oxygen, and pressure (Hydro-Bios Apparatebau,
Kiel-Holtenau, Germany). Sample ST-12 (station no. 197a;
26°14.00° N, 35°22.71” E) was taken from the east basin of the
Shaban Deep at a depth of 1,331 m. An in situ temperature of
23 °C and hydrostatic pressure of 13.38 MPa were recorded. The
sample presented a salinity range between 21.2% and 23% (over
the 1-m length of the Niskin bottle) as measured with a hand
refractometer (Atago, Tokyo, Japan). A pH of 6.5 was determined
with Neutralit (Merck Eurolab, Darmstadt, Germany). Oxygen in
the sample was reduced with sodium dithionite (about 0.1 pM).
The sample was transported to the laboratory by air at 4 °C and
afterwards was stored at 4 °C.

Light and electron microscopy

Light microscopy, electron microscopy, and photography were
carried out as described previously (Huber et al. 1998).

Growth conditions

Cells were routinely grown on modified SD medium (Eder 2000) ,
which was designated as SD0 medium and contained (per liter):
NaCl, 100 g; MgSO47H,0, 3.45 g; MgCl,6H,0, 3.0 g; NH,Cl,
0.25 g; CaCl,2H,0, 0.14 g; CaSO42H,0, 0.25 g; KH,P04,0.14 g;
NaHCO3;, 1.00 g; mineral solution (Balch et al. 1979), 1.0 ml. The

pH was adjusted to 6.0 with HCI. Portions (10 ml) of the medium
were dispensed into 28-ml serum tubes, which were stoppered,
sealed, and pressurized (300 kPa N,). Before inoculation, tubes
were supplemented with O, and yeast extract (Becton Dickinson,
Le Pont de Claix, France) to a final concentration of 1% (v/v) and
0.01%, (w/v), respectively, and with 1.0 ml of a vitamin solution
(Balch and Wolfe 1976). SDO solid medium was obtained by ad-
dition of 2% agar (w/v; final concentration) before autoclaving.
Anaerobic growth was tested using SDO medium, supplemented
with different carbohydrates or different electron acceptors to a
final concentration of 1% (w/v), and reduced with 0.25% H,S (v/v;
final concentration).

Morphological, physiological, and biochemical studies

All investigations were performed at 30 °C, pH 6.0, and 10% NaCl
unless otherwise stated. The main characteristics of taxonomical
significance were considered to be those employed by Ventosa et al.
(1998) for distinction of aerobic or facultatively anaerobic Gram-
negative, moderately halophilic bacteria. Colony morphology and
the presence of cytochrome oxidase and catalase were determined
after growth on SDO agar as described by Smibert and Krieg
(1981). Growth at different temperatures, pH values, and NaCl
concentrations was determined in SD0 medium. Cells were grown
in high-pressure chambers (Huber et al. 1994) at 30 °C using a wide
range of pressures and NaCl concentrations. The ability to hy-
drolyze gelatin, casein, starch, esculin, Tween 80, and DNA and the
presence of phosphatase and H,S production were assessed after
growth on SDO agar as described by Hudson et al. (1986) and
Smibert and Krieg (1981). Acid production from p(-) arabinose,
p(+) glucose, lactose, trehalose, and p(—) mannitol was assessed
with standard SD0O medium supplemented with bromocresol purple
(0.017%; w/v) prior to autoclaving. Filter-sterilized solutions of the
selected carbohydrates were added before inoculation at a final
concentration of 1% (w/v).

NMR analysis of compatible solutes

For determination of the compatible solute composition and con-
tent in E/L3A, the isolate was grown aerobically in SDO medium
with 0.1% yeast extract at different NaCl concentrations, harvest-
ed, and freeze-dried. The cells were suspended in H,O and dis-
rupted first by ultrasonication and then by passing through a
French pressure cell at 3.3 MPa (three times). Small aliquots of
each lysate (50 pl) were heated to 80 °C for 5 min, and protein
concentrations were determined using the Bradford assay. Extrac-
tion of intracellular solutes was performed by boiling the French
press lysates in 80% ethanol for 10 min. The extraction was re-
peated twice and the combined extracts were evaporated to dryness
under vacuum; the residue was dissolved in a mixture of water and
chloroform (2:1; v/v) to remove lipid components. The aqueous
fraction was dried in a speed-vac and dissolved in *H,0O. Samples
were analyzed by 'H- and *C-NMR spectroscopy on a Bruker
DRX500 (Bruker, Rheinstetten, Germany) spectrometer as previ-
ously described (Silva et al 1999).

Determination of mean base composition of DNA

The G+ C content of the overall genome was determined by the
Identification Service of the Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen (DSMZ), Braunschweig, Germany,
using the HPLC method.

DNA extraction, PCR, and sequencing

Extraction of nucleic acids, PCR reactions (primers: 9bF and
1512uR), and sequencing of the 16S rRNA gene (primers: 9 bF, 519
uF, 704bR, 1116bR and 1512uR) were carried out as described
previously (Eder et al. 2001; Eder and Huber 2002).



Phylogenetic analysis

For the analysis, an alignment of about 11,000 homologues of full
(and partial) primary sequences available in public databases (ARB
project, Ludwig and Strunk, http://www.arb-home.de; Ludwig
1995) was used. The new 16S rRNA gene sequence (1,448 nucleo-
tides) was fitted in the 16S rRNA tree by using the respective au-
tomated tools of the ARB software package (Ludwig and Strunk,
http://www.arb-home.de). Distance matrix (Jukes and Cantor
correction), maximum parsimony, and maximum likelihood
(fastDNAml) methods were applied as implemented in the ARB
software package (Page and Holmes 1998; Ludwig and Klenk
2001). Phylogenetic distances were determined by using Distance
Matrix without applying a correction factor. The sequence align-
ment was checked manually and was also submitted to the
CHECK_CHIMERA program of the Ribosomal Database Project
(RDP) (Maidak et al. 2000) to detect the presence of a possible
chimeric artifact.

Nucleotide sequence accession number

The 16S rRNA gene sequence of E/L3A was submitted to EMBL/
DDBL/GenBank databases and has been assigned accession
number AJ421425.

Results and discussion

Strain E/L3A was isolated from sample ST-12, col-
lected from the brine—seawater interface of Shaban
Deep during “Meteor” cruise 44/3 in 1999. Initial en-
richment cultures were established in 28-ml serum
tubes using 10 ml brine water as the basal medium.
This medium was used under microaerophilic and an-
aerobic conditions (addition of 2.5% H,S (v/v; final
concentration) and was supplemented with various
sterile organic and inorganic compounds (e.g., yeast
extract, peptone, NaNOj3, Na,SOQ,). After 29 days’ in-
cubation at 25 °C, coccoid cells became visible in a
medium with 1% O,, 0.2% FeO(OH), and 0.01% of a
mixture of equal parts of yeast extract, meat extract,
peptone, and brain-heart infusion (C-Org). The or-
ganisms were transferred several times in the supple-
mented brine and then were successfully cultivated in
SD medium containing 21.5% NaCl (w/v; Eder 2000).
A pure culture was achieved using the “‘optical twee-
zers” method as previously described (Huber et al.
1995, 2000).

Cells of isolate El1134 were Gram-negative cocci
with a diameter of approximately 0.7-1.2 pm, although
they appeared to pass through an intermediary stage
before cell division, where they might be mistaken for
short rods. Cells occurred singly or in pairs and were
motile by a single flagellum (Fig. 1). After 5 days’ in-
cubation at 30 °C on SDO agar, colonies were small
(diameter approximately 0.15 mm), round, and brown-
ish-yellow. Colonies showed a positive reaction for
catalase and a negative reaction for phosphatase, were
cytochrome oxidase positive, and produced no hydrogen
sulfide. Also, no acid was formed from D(-) arabinose,
p(+) glucose, lactose, trehalose, or p(—) mannitol. In
addition, Tween 80, gelatin, casein, starch, esculin, and
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Fig. 1 Transmission electron micrograph of a dividing Salinisph-
aera shabanensis cell showing a flagellum. The cells were air dried
and platinum shadowed. Bar, 1 um

DNA were not hydrolyzed. The G+ C content of
EI1L3A4 was shown to be 61.8 mol%.

The NaCl range for growth was quite broad, with
growth capability between 1% and 28% NaCl and op-
timal growth at 10% NaCl. No growth was observed at
0% and 29% NaCl. The ability to grow over such a wide
salinity range is not uncommon, but such a broad range
is unusual for the aerobic or facultatively anaerobic
Gram-negative, moderately halophilic bacteria outside
the family Halomonodaceae (Ventosa et al. 1998).
EIL3A grew best between 30 °C and 37 °C, with growth
occurring between 5 °C and 42 °C but not at 50 °C.
Growth was detected between pH 4.0 and 8.0, with
optimal growth between 6.5 and 7.5. No growth oc-
curred at pH 3.0. Growth at higher pH values was not
assessed because of the formation of precipitates of
unknown chemical composition in the medium. Growth
between 0% and 20% O, took place, with optimal
growth between 10% and 20% O,. Growth also oc-
curred under strictly anaerobic conditions; however, the
final cell densities were much lower (up to about 10’
cells/ml). Anaerobic growth appeared to rely on com-
plex organic components (e.g., yeast extract) as a sub-
strate for growth. Growth on anaerobic SD0O medium
supplemented with D(—) arabinose, p(+) glucose, lac-
tose, trehalose, D(-) mannitol, NO;, SOs, S0,%,
S,05%, or Fe’ ' failed to induce higher cell densities.
The addition of sulfur even had an inhibitory effect on
the growth of EIL3A.

The first studies focusing on the joint effect of
high-pressure (5, 15, and 20 MPa) and high-salt stress
conditions on the growth behavior of any moderately
halophilic microorganism were performed. Cells of
EIL3A grew in media containing 5%, 10%, or 20%
NaCl at hydrostatic pressures up to 15 MPa, but no
growth occurred at 20 Mpa. Highest cell concentrations
were observed at the optimal salt concentration of 10%
NaCl. At all three salt concentrations, the final
cell densities decreased with increasing pressure (e.g.,
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Fig. 2 16S rRNA-based phylogenetic tree showing the position of
Salinisphaera shabanensis within the p-Proteobacteria. The tree
topology is based on the ARB database of 11,000 sequence entries
and was reconstructed using the ARB parsimony tool. A filter
defining positions that share identical residues in at least 50% of all
included sequences from the f5- and y-Proteobacteria was used for
reconstructing the tree. Multi furcations indicate that a (statisti-
cally) significant relative branching order could not be determined
or is not supported by other treeing methods. Reference sequences
of the 8- and y-Proteobacteria were chosen to represent a broad
phylogenetic diversity, while members of the a-Proteobacteria were
used as outgroup. Accession numbers for the sequences are
indicated. The scale bar represents 0.10 fixed mutations per
nucleotide position

108 cells/ml [100 kPa], 5 x 107 cells/ml [5 Mpa], and 10’
cells/ml [15 MPa] at 10% NaCl), defining isolate E/L3A4
as a piezotolerant bacterium (Yayanos 1995).

Within the Shaban Deep, the optimal growth con-
ditions of EIL3A appear to point to a preference for
the brine-seawater interface, which is in agreement
with the origin of the sample. However, the physio-
logical properties of this microorganism might allow it
to thrive in a broader area, including the water over-
lying the brine, and could therefore constitute an ad-
vantage in such a harsh environment. In this context, it
is noteworthy that a closely related 16S rRNA gene
sequence was identified from a surface-water sample,
collected at a 1-m depth in the North Sea (Fig. 2; Eilers
et al. 2000).

The finding that E/L3A accumulates increasing
amounts of organic compatible solutes at increasing
NaCl concentrations shows that this organism has
adopted a strategy of osmoadaptation that enables a
high degree of adaptability to changes in salinity
(Table 1). Ectoine and betaine, the most common
compatible solutes found in mesophilic halophiles, are
used by E1L3A to cope with high salinity in the medium.
Especially impressive are the intracellular concentrations
estimated for these osmolytes at 25% NaCl (above
4 M). Glycerol does not seem to play a role in osmo-
adaptation, since it was found only at low salinity;
however, to our knowledge, this is the first report on
accumulation of this compound in prokaryotes.

Table 1 Composition and content of organic solutes in Salinisph-
aera shabanensis, grown aerobically at 33 °C and at different NaCl
concentrations

Solute Concentration (umol/mg protein)
5% NaCl 10% NaCl 25% NaCl *
Ectoine 0.2 1.6 16
Betaine 1.0 3.5 28
Glycerol 2.2 - -

4Cells grown at 30 °C

EIL3A showed a remarkable flexibility, as can be
seen by the quite broad growth ranges for temperature,
NaCl concentration, and , to a smaller degree, pH. The
isolate is a facultative anaerobe that is able to grow at
anaerobic, microaerophilic, and oxygen-saturated con-
ditions. It can grow at atmospheric pressure and also
under hydrostatic pressure of 15 MPa. In agreement
with these various capabilities is the outstanding phy-
logenetic position of EIL3A. Based on phylogenetic
analysis, E1L3A4 represents a new, deeply branching
lincage within the y-Proteobacteria. There are no close
cultivated relatives known so far, with sequence simi-
larity to other members of the y-Proteobacteria being
lower than 88% (Fig. 2). Therefore, due to the signifi-
cant phenotypic and phylogenetic differences between
EIL3A4 and the previously described bacteria, we pro-
pose the creation of the new genus Salinisphaera and the
new species Salinisphaera shabanensis.

Description of Salinisphaera Antunes, Eder,
Fareleira, Santos, and Huber gen. nov.

Salinisphaera (Sa.li.ni.sphae’ra, L. adj. salinus, saline;
M.L. fem. n. sphaera, a sphere; Salinisphaera, coccoid
microorganism, capable of growth at high salt). Gram-
negative, monotrichous cocci, occurring singly or in
pairs. Facultatively anaerobic. Catalase and oxidase
positive. Moderately halophilic and piezotolerant. Phy-
logenetically, the genus Salinisphaera represents a new,
deeply branching lineage within the y-Proteobacteria, as
determined by 16S rRNA gene sequence analysis. The
G+ C content of the DNA of the type species is
61.8 mol%, as determined by the HPLC method. The
type species is Salinisphaera shabanensis.

Description of Salinisphaera shabanensis Antunes,
Eder, Fareleira, Santos, and Huber sp. nov.

Salinisphaera shabanensis (sha.ba.nen’sis, M.L. adj.
shabanensis, from Shaban, referring to Shaban Deep,
the place of isolation). Cells are Gram-negative
monotrichous cocci 0.7-1.2 pm in diameter, occurring
singly or in pairs. Colonies are small, round, and
brownish-yellow. Facultatively anaerobic. Catalase and



oxidase positive. Moderately halophilic and piezotol-
erant. Growth occurs between 1% and 28% NaCl;
optimal growth at 10%; no growth at 0% or 29%
NaCl. Growth occurs from 5 °C to 42 °C; optimal
temperature is between 30 °C and 37 °C; the pH range
for growth is between 4.0 and 8.0; optimum pH is 6.5
to 7.5. Acid is not produced from p(-) arabinose, D(+)
glucose, lactose, trehalose, or p(—) mannitol. Tween 80,
gelatin, casein, starch, esculin, and DNA are not hy-
drolyzed. Phosphatase negative; hydrogen sulfide is not
produced. The G+ C content of the DNA of strain
EIL3A4 is 61.8 mol%, as determined by the HPLC
method. The organism was isolated from the brine—
seawater interface of the Shaban Deep, Red Sea. Strain
EIL3A4 has been deposited in the Deutsche Sammlung
von Mikroorganismen und Zellkulturen (DSMZ),
Braunschweig, Germany as strain DSM 14853 and in
the Japan Collection of Microorganisms as strain JCM
11575.

Acknowledgements We are grateful to K.O. Stetter for stimulating
discussions. Furthermore, we thank R. Rachel and P. Hummel for
electron microscopy and M. Koch, T. Hader, and K. Eichinger for
technical assistance. We are grateful for the valuable help of P.
Stoffers, M. Schmidt, the Institut fiir Geowissenschaften of the
University of Kiel, and the scientists and crew on board R.V.
“Meteor” (M 44/3 cruise). This work was financially supported by
the EU (Grant no. BIO4-CT96-0488, “Extremophiles as cell
factories” to K.O. Stetter), the DFG (grant no. Sto 110/30-1 to
P. Stoffers), and by the Fond der Chemischen Industrie (to
K.O. Stetter). The work of A. Antunes was supported by a PhD
scholarship from Fundagdo para a Ciéncia e a Tecnologia (SFRH/
BD/3170/2000).

References

Balch WE, Wolfe RS (1976) New approach to the cultivation of
methanogenic bacteria: 2-mercaptoethanesulfonic acid (HS-
CoM)-dependent growth of Methanobacterium ruminantium in
a pressurized atmosphere. Appl Environ Microbiol 32:781-791

Balch WE, Fox GE, Magrum LJ, Woese CR, Wolfe RS (1979)
Methanogens: reevaluation of a unique biological group. Mi-
crobiol Rev 43:260-296

Bonatti E (1985) Punctiform initiation of seafloor spreading in the
Red Sea during transition from a continental to an oceanic rift.
Nature 316:33-37

Cruise Report Menor 1 (1983) Preussag Meerestechnik, Report
PREE-CR-03-4 (1403 AH). Ministry of Petroleum and Mineral
Resources, Deputy Ministry for Mineral Resources, Jeddah

Cruise Report Menor 2 (1984) Preussag Meerestechnik, Reports
PREE-CR-04-10 and PREE-CR-054 (1404 AH and 1405
AH). Ministry of Petroleum and Mineral Resources, Deputy
Ministry for Mineral Resources, Jeddah

Eder W (2000) Nachweis, Isolierung und Charakterisierung ex-
tremophiler Mikro-organismen aus Hydrothermalgebieten.
Ph.D thesis. Lehrstuhl fiir Mikrobiologie, Universitidt Regens-
burg, Regensburg

Eder W, Huber R (2002) New isolates and physiological properties
of the Aquificales and description of Thermocrinis albus. Ex-
tremophiles 6:309-318

Eder W, Ludwig W, Huber R (1999) Novel 16S rRNA gene se-
quences retrieved from highly saline brine sediments of Kebrit
Deep, Red Sea. Arch Microbiol 172:213-218

Eder W, Jahnke LL, Schmidt M, Huber R (2001) Microbial di-
versity of the brine-seawater interface of the Kebrit Deep, Red

33

Sea, studied via 16S rRNA gene sequences and cultivation
methods. Appl Environ Microbiol 67:3077-3085

Eder W, Schmidt M, Koch M, Garbe-Schonberg D, Huber R
(2002) Prokaryotic phylogenetic diversity and corresponding
geochemical data of the brine-seawater interface of the Shaban
Deep, Red Sea. Environ Microbiol (in press)

Eilers H, Pernthaler J, Glockner FO, Amann R (2000) Cultura-
bility and in situ abundance of pelagic bacteria from the North
Sea. Appl Environ Microbiol 66:3044-3051

Fiala G, Woese CR, Langworthy TA, Stetter KO (1990) Flexistipes
sinusarabici, a novel genus and species of Eubacteria occurring
in the Atlantis II Deep brines of the Red Sea. Arch Microbiol
154:120-126

Hartmann M, Scholten JC, Stoffers P, Wehner F (1998) Hydro-
graphic structure of brine-filled deeps in the Red Sea — new
results from the Shaban, Kebrit, Atlantis II, and Discovery
Deep. Mar Geol 144:311-330

Huber H, Huber R, Liidemann H-D, Stetter KO (1994) Search for
hyperthermophilic microorganisms in fluids obtained from the
KTB pump test. Sci Drill 4:127-129

Huber R, Burggraf S, Mayer T, Barns SM, Rossnagel P, Stetter
KO (1995) Isolation of a hyperthermophilic archaeum predicted
by in situ RNA analysis. Nature 376:57-58

Huber R, Eder W, Heldwein S, Wanner G, Huber H, Rachel R,
Stetter KO (1998) Thermocrinis ruber gen. nov., sp. nov., a
pink-filament-forming hyperthermophilic bacterium isolated
from Yellowstone National Park. Appl Environ Microbiol
64:3576-3583

Huber R, Huber H, Stetter KO (2000) Towards the ecology of
hyperthermophiles: biotopes, new isolation strategies and novel
metabolic properties. FEMS Microbiol Rev 24:615-623

Hudson JA, Morgan HW, Daniel RM (1986) A numerical classi-
fication of some Thermus isolates. J Gen Microbiol 132:531-540

Ludwig W (1995) Sequence databases (3.3.5.). In: Akkermans
ADL, Van Elsas JD, De Bruijn FJ (eds) Molecular microbial
ecology manual. Kluwer Academic, Dordrecht, Netherlands,
pp 1-22

Ludwig W, Klenk H-P (2001) Overview: a phylogenetic backbone
and taxonomic framework for procaryotic systematics. In:
Garrity GM (ed) Bergey’s manual of systematic bacteriology,
vol 1. The Archaea and the deeply branching and phototrophic
Bacteria. Springer, Berlin Heidelberg New York, pp 49-65

Maidak BL, Cole JR, Lilburn TG, Parker CTJ, Saxman PR,
Stredwick JM, Garrity GM, Li B, Olsen GJ, Pramanik S,
Schmidt TM, Tiedje JM (2000) The RDP (Ribosomal Database
Project) continues. Nucleic Acids Res 28:173-174

Manheim FT (1974) Red Sea geochemistry. Init Rep DSDP 23:
975-998

Michaelis W, Jenisch A, Richnow HH (1990) Hydrothermal pe-
troleum generation in Red Sea sediments from the Kebrit and
Shaban Deeps. Appl Geochem 5:103-114

Page RDM, Holmes EC (1998) Molecular evolution: A phyloge-
netic approach. Blackwell, Oxford

Pautot G, Guennoc P, Coutelle A, Lyberis N (1984) Discovery of a
large brine deep in the northern Red Sea. Nature 310:133-136

Puchelt H (1984) Forschungsfahrt Sonne 29, Rotes Meer, Fahr-
tbericht. Institut fiir Petrographie und Geochemie, Universitit
Karlsruhe, Karlsruhe

Scholten JC, Stoffers P, Garbe-Schénberg D, Moammar M (1999)
Hydrothermal mineralization in the Red Sea. In: Cronan DS
(ed) Handbook of marine mineral deposits. CRC Press, Boca
Raton, Fla., pp 369-395

Silva Z, Borges N, Martins LO, Wait R, da Costa MS, Santos H
(1999) Combined effect of the growth temperature and salinity
of the medium on the accumulation of compatible solutes
by Rhodothermus marinus and Rhodothermus obamensis.
Extremophiles 3:163-172

Smibert RM, Krieg NR (1981) General characterization. In: Ger-
hardt P, Murray RGE, Costilow RN, Nester EW, Wood WA,
Krieg NR, Phillips GB (eds) Manual of methods for general
bacteriology. American Society for Microbiology, Washington,
DC, pp 409443



34

Triiper HG (1969) Bacterial sulfate reduction in the Red Sea hot
brines. In: Degens E, Ross DA (eds) Hot brines and recent
heavy metal deposits in the Red Sea. Springer, Berlin Heidel-
berg New York, pp 263-271

Ventosa A, Nieto JJ, Oren A (1998) Biology of moderately halo-
philic aerobic Bacteria. Microbiol Mol Biol Rev 62:504-544

Watson SW, Waterbury JB (1969) The sterile hot brines of the Red
Sea. In: Degens E, Ross DA (eds) Hot brines and recent heavy

metal deposits in the Red Sea. Springer, Berlin Heidelberg New
York, pp 272-281

Yayanos AA (1995) Microbiology to 10,500 meters in the deep sea.
Annu Rev Microbiol 49:777-805

Zierenberg RA, Shanks WC (1986) Isotopic constraints on the
origin of the Atlantis II, Suakin and Valdivia Brines, Red Sea.
Geochim Cosmochim Acta 50:2205-2214



