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Abstract The ecology of the Aquificales was studied using
a combination of phylogenetic and cultivation approaches.
Enrichment cultures were prepared from low-salt and
marine samples of geothermally and volcanically heated
environments of the United States (Yellowstone National
Park), Russia (Kamchatka), Italy, Germany, Djibouti,
Iceland, and Africa (Lake Tanganyika). Isolation of single
cells using the selected cell cultivation technique resulted in
15 different pure cultures. Comparisons of their 16S rRNA
gene sequences showed that most of the isolates were new
representatives of the major lineages of the Aquificaceae,
represented by the genera Agquifex, Thermocrinis,
Hydrogenobaculum, and Hydrogenobacter. Isolate HI 11/
12, which was obtained from whitish streamers in the
Hveragerthi area of Iceland, represents a separate branch
within the Aquificaceae. The organism grew at salinities up
to 0.7% NaCl and at temperatures up to 89°C. Depending
on the culture conditions, the organisms occurred as single
motile rods, as aggregates, or as long filaments that formed
whitish streamer-like cell masses. The novel isolate grew
chemolithoautotrophically with hydrogen, sulfur, or thio-
sulfate as the electron donor under microaerophilic condi-
tions. It represents a second species within the order
Thermocrinis, which we name Thermocrinis albus HI 11/12
(DSM 14484, JCM 11386).

Key words High-temperature ecosystems - Agquificales -
Thermocrinis - Aquifex - Hydrogenobacter - 16S rRNA
gene sequences - Selected cell cultivation

Communicated by G. Antranikian

W. Eder-R. Huber (1)

Lehrstuhl fiir Mikrobiologie und Archaeenzentrum, Universitét
Regensburg, Universititsstr. 31, D-93053 Regensburg, Germany
Tel. +49-941-9433182; Fax +49-941-9432403

e-mail: robert.huber@biologie.uni-regensburg.de

Introduction

On the basis of 16S rRNA gene sequence comparisons,
the order Aquificales represents a very deep phylogenetic
branch within the bacterial domain (Burggraf et al.
1992). To date, four genera, Agquifex, Thermocrinis,
Hydrogenobacter, and Hydrogenobaculum, have been
identified as belonging to the Agquificaceae within the
Aquificales (Pitulle et al. 1994; Huber et al. 1998; Stohr et al.
2001; Takai et al. 2001; Huber and Stetter, Encyclopedia of
Life Sciences: Aquificales http://www.els.net). Very recently,
Hydrogenobacter acidophilus, which has been reclassified as
Hydrogenobaculum acidophilum, was determined to form a
separate phylogenetic branch within the Aquificales (Shima
et al. 1994; Stohr et al. 2001). Moreover, the lineage of the
Aquificales contains related environmental sequences from
diverse hydrothermal systems on earth (Hugenholtz et al.
1998; Yamamoto et al. 1998; Reysenbach et al. 2000b, c;
Skirnisdottir et al. 2000; Marteinsson et al. 2001; Takacs
et al. 2001). The first described organism of this group is
Hydrogenothermus marinus (Stohr et al. 2001).

Cultivated representatives of the Aquificales have been
obtained mostly from water-containing, volcanically and
geothermally heated natural environments situated mainly
along terrestrial and submarine tectonic fracture zones.
Whereas members of the genus Aquifex have been obtained
exclusively from marine biotopes (e.g., Kolbeinsey Ridge,
north of Iceland), members of the genera Thermocrinis,
Hydrogenobacter, and Hydrogenobaculum have been
found mainly in terrestrial environments (e.g., Yellowstone
National Park, USA; Geyser Valley, Kamchatka; Huber
and Stetter, Encyclopedia of Life Sciences: Aquificales
http://www.els.net). In addition, some Hydrogenobacter
relatives have been obtained from hot compost and the
deep sea (Beffa et al. 1996; Takai et al. 2001).

Members of the Agquificales are extremely thermo-
philic or hyperthermophilic bacteria; some have an
upper temperature limit of growth of 95°C (Huber and
Stetter, Encyclopedia of Life Sciences: Aquificales
http://www.els.net). Together with members of the order
Thermotogales, they represent the bacteria with the highest
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growth temperatures known so far (Huber and Stetter,
Encyclopedia  of  Life  Sciences:  Thermotogales
http://www.els.net). The Agquificales exhibit a rod-shaped
morphology and show a negative Gram reaction. Within a
permanent flow of medium, long filaments are formed by
Thermocrinis ruber (Huber et al. 1998, 2001). Optimal
growth of the Agquificales can be obtained in the neutral
pH range (except Hb. acidophilum; Shima and Suzuki
1993; Stohr et al. 2001; Takai et al. 2001; Huber and
Stetter, Encyclopedia of Life Sciences: Agquificales
http://www.els.net). Almost all of them are able to grow
chemolithoautotrophically with hydrogen, thiosulfate, or
sulfur as electron donor and oxygen as electron acceptor
(Kryukov et al. 1983; Kawasumi et al. 1984; Kristjansson et
al. 1985; Bonjour and Aragno 1986; Shima and Suzuki 1993;
Huber et al. 1992, 1998; Stohr et al. 2001). Nitrate is used by
Aquifex pyrophilus and Hydrogenobacter thermophilus
TK-6 as an alternative electron acceptor (Huber et al. 1992;
Suzuki et al. 2001). In the presence of sulfur, the Aquifex
species and 7. ruber produce hydrogen sulfide in addition to
sulfuric acid. In contrast to Aquifex and Hydrogenobacter,

Table 1. Sources of Aquificales and their 16S rRNA gene sequences

T. ruber shows a metabolic flexibility, growing also chemo-
organoheterotrophically on formate or formamide (Huber
et al. 1998).

The aim of the present study was to evaluate the ecology
of the Aquificales using a combination of phylogenetic and
cultivation methods. The phylogenetic diversity of the new
isolates was investigated using 16S TRNA gene sequence
comparisons, and cultivation and isolation were prerequi-
site for the elucidation of metabolic and biochemical prop-
erties within the Aquificales.

Materials and methods
Sources of strains

16S rRNA gene sequence information was determined from
15 Aquificales members and compared with the 16S rRNA
gene sequences of the published Aquificales (Table1).
Aquifex pyrophilus DSM 6858 and Thermocrinis ruber

Organism Isolated from Accession no.
Aquifex aeolicus VF5 Hydrothermal system, Porto di Levante, Vulcano, Italy (102°C) AJ309733
Aquifex pyrophilus Kol5a (DSM 6858) [T]* Hot vent, Kolbeinsey Ridge, north of Iceland (depth: 106 m) M83548
Aquifex sp. Gril4L3B Anhydride smoker, Grimsey hydrothermal area, north of Iceland AJ320223
(100°-110°C, pH 7.5, 403 m)
Aquifex sp. Ob6 Coastal hot spring, Obock, Gulf of Tadjoura, Djibouti AJ320224
Hydrogenobacter hydrogenophilus 7-829 Hot spring, Geyser Valley, Kamchatka, Russia (56°C) 730242
(DSM 2913)?
Hydrogenobacter subterraneus Hacchoubaru, geothermal plant, Oita Prefecture, Japan AB026268
HGP1 (JCM 10560)*
Hydrogenobacter thermophilus TK-6 (1AM Hot spring, Mine, Izu, Japan 730214
12695) [T]*
Hydrogenobacter thermophilus T3? S. Federigo solfatara, Province de Grosetto, Italy (98°C, pH 6.5) 730189
Hydrogenobacter sp. BB4L1B Kirchenstollen, Baden-Baden, Germany (61°C, pH 6.8) AJ320216
Hydrogenobacter sp. GV8L3A Hot streamlet, Geyser Valley, Kamchatka, Russia (70°-80°C) AJ320218
Hydrogenobacter sp. MV4L2B Hot spring, Mutnovski volcano, Kamchatka, Russia (80°C, pH 5.8) AJ320214
Hydrogenobacter sp. PA14 Hot vent, Pemba, Lake Tanganyika (88°C, depth: 24 m) AJ320215
Hydrogenobacter sp. PZ2AL1B Mud hole, Pozzuoli, Italy (97°C, pH 6.5) AJ320213
Hydrogenobacter sp. UZ2TL2A Hot spring, Uzon Valley, Kamchatka, Russia (80°-84°C, pH 5) AJ320217
Hydrogenobaculum acidophilum 3H-1 Solfatara mud sample, Tsumagoi, Gunma, Japan D16296
JCM 8795 [T]?
Hydrogenobaculum sp. NOR3L3B Mud hole, Norris Geyser Basin, Yellowstone National Park, AJ320225
Wyoming, USA (91°C, pH 3)
Hydrogenothermus marinus VM1 (DSM Hydrothermal system, beach of Vulcano, Italy AJ292525
120406) [T]*
Thermocrinis ruber OC1/4 (DSM 12173) “Pink filaments”, upper outflow channel of Octopus Spring, White Creek AJ005640
[T]? Area, Lower Geyser Basin, Yellowstone National Park, Wyoming, USA
(82°-88°C, pH 8)
Thermocrinis albus HI 11/12 Grayish filaments, hot streamlet, Hveragerthi, Iceland (88°C, pH 7.5) AJ278895
Thermocrinis sp. G3L1B Whitish filaments, hot spring, Graendalur, Iceland (72°C, pH 6) AJ320221
Thermocrinis sp. HIL1B Mud hole, Hveragerthi, Iceland (96°C, pH 7) AJ320222
Thermocrinis sp. P2L2B Lake View Terraces, Fissure Group, Heart Lake Geyser Basin, AJ320219
Yellowstone National Park, Wyoming, USA (65°C, pH 7)
Thermocrinis sp. UZ23L3A Grayish filaments, mud hole, Uzon Valley, Kamchatka, Russia AJ320220

(80°C, pH 5)

[T], type species; DSM = DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany; IAM, culture collection
of the Institute of Applied Microbiology, University of Tokyo, Tokyo, Japan; JCM, Japan Collection of Microorganisms, RIKEN, Saitama, Japan

2Previously published



DSM 12173 were from the culture collection of our institute.
Hydrogenobacter thermophilus 1AM 12695 was obtained
from the culture collection of the Institute of Applied
Microbiology, University of Tokyo.

Sampling, cultivation, and isolation of new strains

Sources of the Aquificales, including the new strains, and
their accession numbers are given in Table 1. The new
Agquificales strains were enriched, isolated, and cultivated
using the media indicated in Table 2. The majority of the
new isolates were obtained by the use of “optical tweezers”
(selected cell cultivation; Huber et al. 1995, 2000; Beck
and Huber 1997). Cell masses of Aquifex pyrophilus,
Aquifex aeolicus, Hydrogenobacter thermophilus TK-6,
Thermocrinis ruber, and isolate HI 11/12 were grown at
80°C (70°C for H. thermophilus) with stirring (up to
419rad/s) in a 300-1 enamel-protected fermenter (HTE
Bioengineering, Wald, Switzerland), as described elsewhere
(Jahnke et al. 2001). Growth studies of isolate HI 11/12
under a permanent flow of medium (OS-medium + 0.1%
thiosulfate, wt/vol; pH 6.5) were carried out in a glass cham-
ber under contact with air at a temperature of 80°-85°C as
described for T. ruber (Huber et al. 1998). The flow rate was
15 ml/min.

Light and electron microscopy

Light microscopy, transmission and scanning electron
microscopy, energy dispersive X-ray microanalysis, and
photography were carried out as described elsewhere
(Huber et al. 1998).

Table 2. Culture conditions of Aquificales isolates studied
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Test for diaminopimelic acid and lipid analysis

Diaminopimelic acid was assayed by thin-layer chromatog-
raphy (Rhuland et al. 1955). Lipid extraction, separation,
and analysis were carried out as described previously
(Jahnke et al. 2001).

DNA extraction, PCR, and sequencing

Nucleic acids of the new strains were extracted from 20 to
40 ml culture by the freeze-thaw lysis procedure of Barns et
al. (1994). The mixture was extracted with an equal volume
of phenol (pH7.5; AquaPhenol, Appligene, Illkirch,
France), followed by extraction with phenol-chloroform-
isoamyl alcohol, 24 : 24 : 1 (by volume), by using Eppendorf
Phase Lock Gel Light (Hamburg, Germany). Nucleic acids
were precipitated with 0.1 volume of 3 M (wt/vol) sodium
acetate (pH5.2) and 0.6 volume of isopropanol, washed
with 70% (wt/vol) ethanol, and dried. In addition, an
RNase treatment (2-5 pg RNase/ml) was performed. PCR
amplification of the rRNA genes between Escherichia coli
positions (Brosius et al. 1981) 9 and 1,512 were carried out
as described previously (Table 3; Eder et al. 1999). The
corresponding PCR products were purified with Microcon
100 (Amicon, Witten, Germany) and sequenced with an
ABI Prism 310 capillary DNA Sequencer (PE Applied
Biosystems, Foster City, CA, USA) by using the ABI Prism
BigDye terminator cycle sequencing ready reaction kit
(Perkin Elmer) at the Institute for Genetics, University of
Regensburg, Germany. The 16S rRNA gene sequences
were determined using a set of specific and universal
primers (Table 3).

Organism Medium (wt/vol) Gas phase Temperature pH Reference
(by volume) (°C)
Aquifex aeolicus VF5 SME*-medium + 0.1% thiosulfate H,-CO,-0, (79:20:1) 85 6.5 Huber et al. 1992;
Huber and Stetter
2001

Aquifex pyrophilus Kol5a SME*-medium H,-CO,-0, (79:20:1) 85 6.5 Huber et al. 1992
Aquifex sp. Gril4L3B 1/2 SME, modified H,-CO,-0, (79:20:1) 85 5.5 Huber et al. 1990
Agquifex sp. Ob6 SME*-medium H,-CO,-0, (79:20:1) 75 7 Huber et al. 1992; this study
Hydrogenobacter TK6-medium H,-CO,-0, (79:20:1) 70 7 Kawasumi et al. 1984;

thermophilus TK-6 Ishii et al. 1987
Hydrogenobacter sp. BB4L1B TK6-medium + 0.2% thiosulfate H,-CO,-0, (79:20:1) 75 7 Ishii et al. 1987; this study
Hydrogenobacter sp. GVSL3A OS-medium + 0.05% sulfur N,-H,-0, (96:3:1) 85 6 Huber et al. 1998; this study
Hydrogenobacter sp. MV4L2B OS-medium + 0.05% sulfur N,-H,-0, (96:3:1) 85 6 Huber et al. 1998; this study
Hydrogenobacter sp. PA14 TK6-medium H,-CO,-0, (79:20:1) 80 7 Ishii et al. 1987; this study
Hydrogenobacter OS-medium + 0.05% sulfur N,-H,-0, (96:3:1) 85 6 Huber et al. 1998; this study

sp. PZ2AL1B
Hydrogenobacter OS-medium + 0.05% sulfur N,-H,-0, (96:3:1) 80 6 Huber et al. 1998; this study

sp. UZ27L2A
Hydrogenobaculum Allen-medium H,-CO,-0, (79:20:1) 65 3 Allen 1959; this study

sp. NOR3L3B
Thermocrinis ruber OC1/4 OS-medium + 0.1% thiosulfate N,-H,-O, (94:3:3) 80 7 Huber et al. 1998
Thermocrinis albus HI 11/12 OS-medium + 0.1% thiosulfate N,-H,-0, (96:3:1) 85 7 Huber et al. 1998; this study
Thermocrinis sp. G3L1B OS-medium + 0.05% sulfur N,-H,-0, (96:3:1) 85 7 Huber et al. 1998; this study
Thermocrinis sp. HTL1B OS-medium + 0.05% sulfur N,-H,-0, (96:3:1) 80 7 Huber et al. 1998; this study
Thermocrinis sp. P2L2B OS-medium + 0.1% thiosulfate N,-H,-0, (96:3:1) 85 7 Huber et al. 1998; this study
Thermocrinis sp. UZ23L3A OS-medium + 0.05% sulfur N,-H,-0, (96:3:1) 85 6 Huber et al. 1998; this study
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Table 3. Oligonucleotide primers used for PCR amplification and sequencing reactions of the 16S rRNA genes. The target sites are based on the

E. coli sequence numbering according to Brosius et al. (1981)

Oligonucleotide Target site Sequence (5'-3") Specificity Reference

9bF 9-27 GRGTTTGATCCTGGCTCAG Bacteria Burggraf et al. 1992

519uF 519-536 CAGCMGCCGCGGTAATAC Universal Eder et al. 1999

704bR 687-704 TCTACGYATTTCACYGCT Bacteria Stetter and Burggraf, unpublished
1116bR 1,100-1,116 AGGGGTTGCGCTCGTTG Bacteria Stetter and Burggraf, unpublished
1406uR 1,390-1,406 ACGGGCGGTGTGTRCAA Universal Lane 1991

1512uR 1,492-1,512 ACGGHTACCTTGTTACGACTT Universal Lane 1991

Phylogenetic analyses

For the phylogenetic analyses, an alignment of about 11,000
homologous full (and partial) primary sequences avail-
able in public databases (ARB project, http://www.arb-
home.de; Ludwig 1995) was used. The new 16S rRNA gene
sequences (>1,357 nucleotides) were fitted in the 16S
rRNA tree by using the respective automated tools of the
ARB software package (http://www.arb-home.de).
Distance matrix (Jukes and Cantor correction), maximum
parsimony, and maximum likelihood (fastDNAmIl) methods
were applied as implemented in the ARB software package
(Ludwig et al. 1998; Page and Holmes 1998). Insignificant
branching points were shown by multifurcation. Phylo-
genetic distances were determined by using a distance
matrix without applying a correction factor. Each sequence
alignment was checked manually, and the sequences were
submitted to the CHECK_CHIMERA program of the
Ribosomal Database Project (RDP) (Maidak et al.2000) to
detect the presence of possible chimeric artifacts.

DNA base composition

The G + C content of isolate HI 11/12 was determined
by the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ, Braunschweig, Germany).

Nucleotide sequence accession numbers

The European Molecular Biology Laboratory (EMBL)
accession numbers for the 16S rRNA gene sequences of
the new Agquificales strains are AJ320213 to AJ320225,
AJ309733 (Aquifex aeolicus), and AJ278895 (isolate HI 11/
12).

Results
16S rRNA sequence analysis
For the phylogenetic analysis of the Aquificales, we deter-

mined nearly complete 16S rDNA sequences for the
new isolates. The Aquificales, including the environmental

sequence cluster, represent a monophyletic lineage, branch-
ing deeply in the bacterial domain (Fig.1, new isolates
shown in boldface). Within the Aquificaceae and the envi-
ronmental sequence cluster, the most distantly related
species have 19.5% and 11.2% sequence dissimilarity, indi-
cating that the Aquificales are very diverse (Fig.1). All of
the algorithms utilized to reconstruct the phylogenetic tree
(distance matrix, maximum parsimony, and maximum like-
lihood) yielded the same tree topology (data not shown).
According to the phylogenetic tree, the order Aquificales
is composed of the Aquificaceae and an environmental
sequence cluster (including Hydrogenothermus marinus,
isolated from the coast of Vulcano, Italy, and isolate EX-
H1, obtained from a deep-sea hydrothermal system;
Reysenbach et al. 2000a; Stohr et al. 2001), which
represents a second family (Yamamoto et al. 1998;
Hugenholtz et al. 1998; Reysenbach et al. 2000b, c;
Skirnisdottir et al. 2000). As a new family name, we pro-
pose Hydrogenothermaceae, owing to the isolation of
Hydrogenothermus marinus as the first validly published
organism within this novel phylogenetic lineage.

In the Agquificaceae, five major branches were identified.
The genus Hydrogenobacter is composed of two sequence
clusters, which are represented by Hydrogenobacter
thermophilus TK-6 and Hydrogenobacter thermophilus T3
(Fig. 1; Pitulle et al. 1994). Closely related species to H.
thermophilus TK-6 were obtained from Kamchatka
(isolates GVSL3A and UZ27L2A) and to H. thermophilus
T3 from Germany, [taly, Kamchatka, and Lake Tanganyika
(isolates BB4L1B, PZ2AL1B, MV4L2B, and PA14) as indi-
cated in Fig. 1. The genus Thermocrinis is represented by T.
ruber (Huber et al. 1998). Closely related sequences were
obtained from hot springs in Yellowstone National Park
(isolate P2L.2B and environmental sequences OPS 5 and
EM17; Fig. 1; Reysenbach et al. 1994; Hugenholtz et al.
1998). Recently, the novel isolate HI 11/12 (designated
Thermocrinis albus, see below) was obtained from grayish
filaments found in the Hveragerthi area, representing a
separate lineage with closest relationship to Thermocrinis
(5.1% phylogenetic distance to 7. ruber; Huber et al. 1998).
Additional relatives of isolate HI 11/12 were identified in
hot springs in Iceland and Kamchatka (isolates G3L1B,
H7L1B, and UZ23L3A and environmental sequences SRI-
48 and pICE; Skirnisdottir et al. 2000; Takacs et al. 2001;
Fig. 1). Within the genus Aquifex, new members were
obtained from “anhydride smokers” of the Grimsey hydro-
thermal system (isolate Gril4L3B) and from a coastal hot



Fig. 1. 16S rRNA gene-based
phylogenetic tree of the
Aquificales including the 168
rRNA gene sequences of the
new isolates (in bold) and —
the 16S rDNA sequences

of environmental analyses
obtained from public databases.
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Escherichia coli, J01695

Paracoccus denitrificans, X69159
Streptomyces ambofaciens, M27245
Bacillus subtilis, D26185

Dictyoglomus thermophilum, X69194

Fervidobacterium nodosum, M59177
Bmosipho africanus, M24022
Thermotoga maritima, M21774

—— KTK41, AJ133619

The topology of the consensus
tree is based on results of a
maximum parsimony analysis.
Reference sequences were
chosen to represent the
broadest diversity of Bacteria.
Only sequence positions that
share identical residues of 50%
or more with the 16S rRNA
sequences of the Aquificales
were included for tree
reconstruction. Accession
numbers for the sequences

are indicated. The scale bar
represents 0.10 fixed mutations
per nucleotide position

T

——— KTk 36, AJ133618
Desulfurobacterium thermolithotrophum, AJO01049
VC2.1 Bac3, AF068785
Hydrogenobacter sp. PZ2AL1B, AJ320213
Hydrogenobacter sp. MV4L2B, AJ320214
Hydrogenobacter sp. PA14, AJ320215
Hydrogenobacter subterraneus, AB026268
Hydrogenobacter thermophilus T3, Z30189
Hydrogenobacter sp. BB4L1B, AJ320216
Hydrogenobacter hydrogenophilus, Z30242
Hydrogenobacter thermophilus TK-8, Z30214
Hydrogenobacter sp. UZ27L2A, AJ320217
Hydrogenobacter sp. GVBL3A, AJ320218
OPS 5, AF018190
Thermocrinis sp. P2L2B, AJ320219
Thermocrinis ruber, AJO05640
EM 17, U05661
Thermocrinis sp. UZ23L3A, AJ320220
Thermocrinis sp. G3L1B, AJ320221
Thermocrinis sp. HTL1B, AJ320222
SRI-48, AF255599
plce1, AF301907
Thermocrinis albus HI 11/12, AJ278895

Aquificaceae

Aquificales

[ Hydrogenobaculum acidophilum, D16296
Hydrogenobaculum sp. NOR3L3B, AJ320225 .l

Aquifex sp. Gri14L3B, AJ320223
Aquifex pyrophilus, M83548
Aquifex aeolicus, AJ309733

Aquifex sp. Ob6, AJ320224

OPB13, AF027098 =
{ pBB, AF113542

OPS 4, AF018189
—— GANI4, AB005736
I SRI-40, AF255598
— NAK14, AB005738
— SRI-240, AF255597

Hydrogenothermus marinus, AJ292525

VC2.1 Bac27, AF068801
Isolate EX-H1, AF188332 - —

Hydrogeno-
thermaceae

0.10

spring in Obock (isolate Ob6), Gulf of Tadjoura, Djibouti,
as indicated in Fig. 1. Hydrogenobaculum acidophilum and
the closely related isolate NOR3L3B from Yellowstone
National Park, USA, comprise a separate lineage (Fig. 1).

Morphology

All new Agquificales isolates were rod-shaped cells with
rounded ends and a Gram-negative stain reaction, consis-
tent with the Agquificales representatives known to date
(Huber and Stetter, Encyclopedia of Life Sciences:
Aquificales http://www.els.net). Members of the genera
Aquifex, Hydrogenobacter,  Calderobacterium, and
Thermocrinis grow singly or in pairs; Aquifex species and
Thermocrinis can form flocs of up to 100 individual cells
(Kryukov et al. 1983; Kawasumi et al. 1984; Kristjansson

EM 19, U05662

Thermofilum pendens, X14835
—li: Thermosphaera aggregans, X99556

Methanocaldococcus jannaschii, M59126

et al. 1985; Huber et al. 1992, 1998; Beffa et al. 1996). An
unusual morphological feature of Aquifex species is the
formation of wedge-shaped central or polar refractile
areas during the logarithmic growth phase. Moreover,
Thermocrinis ruber forms long filaments within a perma-
nent water current, building up a pink network of cells
(Huber et al. 1998). This growth behavior reflects the natu-
ral growth of the pink filaments in the rapidly flowing upper
outflow channel of Octopus Spring in the White Creek area
of the Lower Geyser Basin of Yellowstone National Park
(Marler 1973; Brock 1978, 1995; Huber et al. 1998).
Similar to 7. ruber, the new isolate HI 11/12 exhibits fil-
amentous growth when cultivated under a permanent flow
of medium in a glass chamber (see Materials and methods).
Cell masses (attached to pieces of cotton) showed a white
cell color after one day of incubation. Cells occurred singly,
in pairs, and in aggregates (>100 cells per aggregate). After
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Fig. 2. Scanning electron micrograph of Thermocrinis albus (isolate HI 11/12) showing a 45-pm-long filament from the whitish streamer network

formed at the overflow of the growth chamber. Bar 5 pm

Fig. 3a,b. Transmission electron
micrographs of Thermocrinis
albus (isolate HI 11/12). a Flagel-
lated cell in division, platinum
shadowed. Bar 1 pum; b surface of
a freeze-etched cell. Bar 0.2 pm

6 days, a white network of cells had formed, which consisted
of long filaments with a length of 10-60 pm (Fig. 2). In addi-
tion, motile cells were present (also in the liquid phase of
the glass chamber). The filamentous growth of isolate HI 11/
12 and the whitish color of the cell network reflects the nat-
ural growth behavior of the organism in the hot streamlet of
the Hveragerthi area in Iceland.

When grown in static culture, isolate HI 11/12 grew sin-
gly or in pairs. The average cell length was 1-3 pm, and the
average cell width was 0.5-0.6 pm. Spores were not formed.
In transmission electron micrographs, isolate HI 11/12
exhibited monopolar monotrichous flagellation (Fig.3a).
Freeze-etched cells (Fig.3b) showed no evidence of the
well-ordered two-dimensional crystalline arrays of S-layer
proteins.

Metabolic properties

Like the known Aquificales strains, the new isolates grew
chemolithoautotrophically under microaerophilic culture
conditions with oxygen as the electron acceptor. Growth
conditions of the new isolates are listed in Table 2 . More
detailed growth studies were carried out with A. pyrophilus,

A. aeolicus, T. ruber, isolate HI 11/12, and H. thermophilus
TK-6.

Autotrophic growth

Isolate HI 11/12 grew optimally under microaerophilic
conditions when hydrogen and sulfur were provided
simultaneously as electron donors. Similar to 7. ruber, A.
pyrophilus, and H. thermophilus TK-6, isolate HI 11/12
could use hydrogen, thiosulfate, or sulfur as the sole elec-
tron donor for growth (Kawasumi et al. 1984; Bonjour and
Aragno 1986; Huber et al. 1992, 1998). In the presence of
sulfur, hydrogen sulfide was formed under low oxygen
tension, as has been described for 7. ruber and the
Aquifex species (Huber et al. 1992, 1998; Huber and
Stetter, Encyclopedia of Life Sciences: Agquificales
http://www.els.net). In contrast to A. pyrophilus, the growth
of A. aeolicus is obligately dependent on hydrogen (Huber
and Stetter 2001).

The first representative of the Aquificales that was shown
to grow anaerobically by nitrate reduction with N, as the
final product (denitrification) was A. pyrophilus (Huber et
al. 1992). More recently, it was shown that H. thermophilus
TK-6 is also able to use nitrate as electron acceptor (Suzuki
et al. 2001). This is also true for Hydrogenobacter sp. PA14



(TK-H medium + 0.1% KNO;, wt/vol, 300 kPa H,/CO,;
Kawasumi et al. 1980) isolated from Lake Tanganyika
(Table 2 ; Tanganydro Group 1992; Tiercelin et al. 1993). As
in the case of T. ruber, no growth on nitrate was observed
for A. aeolicus or isolate HI 11/12.

Heterotrophic growth

T. ruber was the first organism observed to show chemo-
organoheterotrophic growth on formate and formamide
under microaerophilic culture conditions (Huber et al.
1998). In contrast, the following C, compounds were not
metabolized by T. ruber (gas phase: N, : O,, 97 : 3, vol/vol):
formaldehyde (0.001%-0.1%, wt/vol), methanol (0.05%-—
0.5%, vol/vol), CO (1%-25%, vol/vol), or CH, (1%-20%,
vol/vol). Like T. ruber, H. thermophilus TK-6 was also able
to grow on formate and formamide (final concentration:
0.1%, wt/vol), but not on formaldehyde (0.001%-0.1%,
wt/vol). The Aquifex species and isolate HI 11/12 were
unable to metabolize formaldehyde (0.001%-0.1%, wt/vol),
formate (0.1%, wt/vol), or formamide (0.1%, wt/vol) either
microaerophilically with oxygen or anaerobically with
nitrate as the electron acceptor. Furthermore, H.
thermophilus TK-6 was unable to grow anaerobically with
nitrate in the presence of formaldehyde, formate, or forma-
mide (for concentrations, see above).

Physiological characteristics

Isolate HI 11/12 grew at temperatures between 55° and
89°C. No growth was obtained below 50°C or above 90°C.
The maximum salt concentration was 0.7% NaCl. The iso-
late's close relatives G3L1B and UZ23L3A grew at temper-
atures between 44° and 88°C. No growth was obtained
below 40° or above 90°C.

Biochemical properties

meso-Diaminopimelic acid was detected in several of the
new strains. As in Thermocrinis ruber and the Aquifex
strains, meso-diaminopimelic acid was detected in cell
hydrolysates of isolate HI 11/12 (R; 0.21) and in other
related isolates, G3L1B (R; 0.17) and UZ23L3A (R; 0.18).
Diaminopimelic acid was not present in hydrolysates of
Hydrogenobacter sp. UZ27L2A, as has also been shown
recently for other Hydrogenobacter species (Huber et al.
1998).

The fatty acids of isolate HI 11/12 were dominated by
n-C,y, and cy-C,; compounds with subordinate Cg, Cig,
¢y-Cyy, and C,,, (Jahnke et al. 2001). Furthermore, alkyl
glycerol ethers, which were composed mainly of Cg, and
C,y, monoethers, were present (Jahnke et al. 2001).

T ruber forms pink colored cell masses either cultivated
in batch culture or in a growth chamber under a permanent
flow of medium (Huber et al. 1998). By using light-dark
experiments (Huber et al. 1998), differential centrifugation,
and energy dispersive X-ray analysis, it was demonstrated
that the formation of pink pigment is independent of the
light regime, the electron donor (hydrogen, sulfur, thiosul-
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fate, or formate), or the oxygen concentration (0.05%-3%
O,, vol/vol, for static grown cultures or for cultures that
have contact with air in the growth chamber).

DNA base composition

Total DNA of isolate HI 11/12 had a G + C content
of 49.6mol%, as calculated by direct analysis of the
mononucleosides.

Discussion

Phylogenetic analyses showed that the Agquificaceae
comprise four major sequence clusters represented by
the genera Aquifex, Thermocrinis, Hydrogenobacter, and
Hydrogenobaculum (Fig.1). The marine Aquifex species
are phylogenetically well separated from the low-salt-
adapted members of Thermocrinis and Hydrogenobacter.
However, Hydrogenobaculum acidophilum represents a
separate branch within the Aquificaceae with no close rela-
tionship to the other members of the family (Fig. 1). Inter-
estingly, isolate NOR3L3B (Hydrogenobaculum sp.) was
isolated from an acidic (pH3) hot spring of the Norris
Geyser Basin of Yellowstone National Park (Wyoming,
USA), suggesting that the acidophilic Aquificales, which
group together in the phylogenetic analysis, are more
abundant in high-temperature ecosystems. The environ-
mental sequence cluster, containing sequences from hot
springs in Japan, Iceland, the United States, and the deep
sea (including Hydrogenothermus marinus and isolate EX-
H1) forms a separate branch within the Agquificales,
representing most likely a second family (Hugenholtz et
al. 1998; Yamamoto et al. 1998; Reysenbach et al. 2000a, b,
c; Skirnisdottir et al. 2000; Stohr et al. 2001). We propose
the name Hydrogenothermaceae for the new phylogenetic
lineage.

By cultivation experiments, followed by phylogenetic
analyses of the pure cultures obtained by the selected cell
cultivation technique, novel representatives within all the
major lineages of the Agquificaceae were obtained from
various geothermal areas on earth (Fig. 1). Isolate HI 11/12,
which was obtained from whitish streamers at Hveragerthi
(Iceland), represents a novel branch within the Aquifi-
caceae with a very close relationship to clone sequences
identified in white and blue streamers from hot springs in
Iceland (Skirnisdottir et al. 2000; Takacs et al. 2001). Fur-
ther close relatives of HI 11/12 were found in Graendalur
(Iceland) and in the Uzon Valley (Kamchatka). However,
the 16S rRNA data of all Aquificaceae are not consistent
with the distinct DNA-DNA similarity groups reflecting the
geographical distribution of members of the Aquificaceae
as proposed by Aragno (Aragno 1992).

Like T. ruber, isolate HI 11/12 grew in filamentous
streamers when we created conditions resembling those
present in the natural environment. These results demon-
strate that filament formation by HI 11/12 is directly related
to a permanent water current, as has already been shown
for T. ruber (Huber et al. 1998). In contrast to 7. ruber, how-
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ever, the new isolate builds up a white network of cells.
Comparative studies of pure cultures (Palleroni 1997) of
physiologically different filament-forming organisms at
temperatures up to 89°C gives us the opportunity to inves-
tigate filament formation under a permanent water current
in more detail in the future. Thus far, T. ruber and isolate
HI 11/12 represent filament-forming organisms with the
highest growth temperatures known to date (Setchell 1903;
Brock 1978; Huber et al. 1998). On the basis of morpholog-
ical and phylogenetic properties, we propose the name
Thermocrinis albus, or hot white hair, for isolate HI 11/12 as
a second species within the genus Thermocrinis.

On the basis of the lipid analysis, 7. albus shows a dis-
tribution of fatty acids and glycerol monoethers very similar
to that shown recently for 7. ruber and H. thermophilus
TK-6 (Jahnke et al. 2001). No glycerol diethers, which are
indicative of members of the genus Aquifex, are present
(Jahnke et al. 2001). In contrast to the distribution of ether
lipids within the Agquificaceae, the presence of meso-
diaminopimelic acid seems to be restricted to members of
the genera Aquifex and Thermocrinis. The detailed fatty
acid analysis of different Agquificaceae representatives
revealed that the Aquificaceae are a monophyletic lineage
within the bacterial domain (consistent with the 16S rRNA
data). These analyses suggested the unusual fatty acid cy-C,,
as a group-specific biomarker (Jahnke et al. 2001).

The metabolic features within the Aquificales are not as
clear cut as other properties within the order. All the new
isolates and the other Aquificales members (except H. sub-
terraneus; Takai et al. 2001) are capable of a chemolithoau-
totrophic growth under microaerophilic conditions with
oxygen as the electron acceptor. As for A. pyrophilus, it
was demonstrated that Hydrogenobacter sp. PA14 is also
able to grow on nitrate under anaerobic conditions. Very
recently, anaerobic nitrate reduction was also shown for H.
thermophilus TK-6 (Suzuki et al. 2001). However, the
Thermocrinis species are unable to reduce nitrate. More-
over, chemoorganoheterotrophic growth, which was first
observed within the Aquificales for T. ruber, has now
been demonstrated also for H. thermophilus TK-6, which
is also able to grow on formate and formamide. This meta-
bolic flexibility makes the organisms independent of inor-
ganic growth substrates in nature and indicates a greater
metabolic potential of the Aquificales.

To summarize, the isolation of novel Aquificales repre-
sentatives from geographically well-separated geothermal
and volcanic environments on earth increases our knowl-
edge of the diversity and distribution of these organisms
and strengthens the hypothesis that they play an important
role in high-temperature ecosystems. Detailed studies of
their metabolic and physiological potential provide an
insight into the participation of Aquificales members in
global biogeochemical cycles.

Description of Thermocrinis albus
Thermocrinis albus sp. nov. (al’bus. gr. alphos, white, refer-

ring to the cell color). Rod-shaped cells are usually between
1 and 3 pm long and 0.5 to 0.6 pm wide. Spores are not

formed. Motile by means of a monopolar monotrichous fla-
gellum. Cells occur singly, in pairs, and in aggregates con-
sisting of up to several hundred individuals. In a permanent
flow of medium, cells grow predominately as long filaments,
forming visible whitish cell masses. No evidence of a regu-
larly arrayed surface layer protein. Growth occurred at tem-
peratures between 55° and 89°C and at salinities up to 0.7%
NaCl. Aerobic. Chemolithoautotrophic. Molecular hydro-
gen, thiosulfate, and elemental sulfur serve as electron
donors, and oxygen serves as an electron acceptor. meso-
Diaminopimelic acid is present. Main fatty acids are C,g,,
Cig1, ¢y-Cig, Cy, n-Cyyy, and c¢y-G,;. Cigy and Gy, alkyl
glycerol monoethers are present. The G+C content is
49.6 mol%, as calculated by direct analysis of the mononu-
cleosides. The type strain is Thermocrinis albus HI 11/12
(=DSM 14484, JCM 11386), which was isolated from gray-
ish filaments collected in the Hveragerthi area, Iceland.

Description of Hydrogenothermaceae

Hydrogenothermaceae  fam. nov. (Hy.dro.ge.no.ther.
ma’ce.ae. Gr. N.L. masc. n. Hydrogenothermus type
genus of the family; -aceae ending to denote the family;
N.L. fem. pl. n. Hydrogenothermaceae the family of
Hydrogenothermus) The Hydrogenothermaceae repre-
sent, next to the Agquificaceae, a separate phylogenetic
branch within the Agquificales. Thermophilic motile rods
var from 2 to 4 um in length; Gram negative; spores not
formed. Capable of chemolithotrophic microaerophilic
growth using H,, O,, and CO,. Optimal growth at 65°C.
Type genus: Hydrogenothermus (Stohr et al. 2001, p. 1860).
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