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Abstract. A novel type of bacterium has been isolated from 
various geothermally heated locales on the sea floor. The 
organisms are strictly anaerobic, rod-shaped, fermentative, 
extremely thermophilic and grow between 55 and 90° C with 
an optimum of around 80° C. Cells show a unique sheath
like structure and monotrichous flagellation. By 16S r R N A 
sequencing they clearly belong to the eubacteria, although 
no close relationship to any known group could be detected. 
The majority of their lipids appear to be unique in structure 
among the eubacteria. Isolate MSB8 is described as 
Thermotoga maritima, representing the new genus 
Thermotoga. 
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A l l extremely thermophilic bacteria isolated to date, growing 
optimally between 80 and 105° C, belong to the archae-
bacteria (Stetter et al. 1981; Zillig et al. 1981; Stetter 1982, 
1985; Stetter and Zillig 1985). Many eubacterial thermo
philic isolates with lower optimal growth temperatures, e.g. 
50 to 70° C are known (Brock 1978). A few eubacterial 
isolates, e.g., Thermus thermophilus, Bacilluscaldolyticusand 
Bacillus caldo tenax, do have temperature optima in the range 
of 75° C with maxima at 80° C (Brock 1978). [A reported 
thermoadaptation of Bacillus caldolyticus to temperatures 
above 80° C (Heinen and Lauwers 1981) could not be re
produced (Huber and Stetter in preparation); we were also 
unable to obtain the adapted cultures.] 

This paper characterizes an anaerobic, extremely 
thermophilic eubacterium with an optimum growth temper
ature of 80° C, which has been isolated from geothermally 
heated sea floors in Italy and the Azores. 

Materials and methods 

Culture conditions 

The new isolates were cultivated using the anaerobic tech
nique of Balch and Wolfe (1976). Unless specified otherwise, 
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the organisms were grown in "MMS"-medium, containing 
(per litre): NaCl 6.93 g; M g S 0 4 - 7 H 2 0 1.75 g; M g C l 2 

• 6 H 2 0 1.38 g; K C l 0.16 g; NaBr 25 mg; H 3 B 0 3 7.5 mg; 
SrCl 2 • 6 H 2 0 3.8 mg; K J 0.025 mg; C a C l 2 0.38 g; K H 2 P 0 4 

0.5 g; Na 2 S 0.5 g; ( N H 4 ) 2 N i ( S 0 4 ) 2 2mg; trace minerals 
(Balch et al. 1979), 15 ml; resazurin, 1 mg; starch, 5 g; pH 
6.5 (adjusted with H 2 S 0 4 ) . In substrate utilization experi
ments, starch was omitted and substituted as described. 
In order to determine optimal ionic conditions, inorganic 
components of "MMS"-medium were simultaneously in
creased or diminished with the same ratio as described for 
NaCl. For growth on solid medium, 0.8% agar (Oxoid) was 
added to the medium. Reasonable growth of the isolates 
also occurred in "SME"-medium (Stetter et al. 1983) 
supplemented with 0.5% yeast extract, or in marine broth 
(Difco 2216). 

Ten milliliter cultures were grown in stoppered 28 ml 
serum tubes (Balch et al. 1979) pressurized with N 2 (300 kPa) 
and incubated without agitation. Large scale cultures were 
grown in a 1001 enamel-protected fermentor under N 2 (2 1/ 
min) with gentle stirring (200 rev/min). 

Light microscopy 

Cells were routinely observed with a Zeiss Standard phase 
contrast microscope with an oil immersion objective 100/ 
1.3. For microscopy at 85° C, the slide was preheated to 
about 90° C, and a drop of still hot culture was placed on it 
and the slide observed rapidly under phase contrast. 
Micrographs were taken with a Leitz Ortholux II microscope 
equipped with a vario-orthomat camera system (Leitz). 

Electron microscopy 

Logarithmic phase cells were fixed by addition of glutar-
aldehyde (20 g/1, final concentration). For preparation of 
thin sections, cells were precipitated by centrifugation after 
fixation and further processed as previously described 
(Huber et al. 1982). Electron micrographs were taken with 
a JEOL JEM-100 C electron microscope. Freeze-etching of 
whole cells was performed with a Balzers Model 360 M 
(Balzer A G , Liechtenstein) or a Bioetch Model 2005 
(Leybold-Heraeus, Köln, FRG) freeze-etching unit. The 
etching temperature was - 1 0 0 ° C and the samples were 
etched for 2 min. After platinum-carbon shadowing and 
carbon coating replicas were cleaned with 30% chromium 
oxide and picked up on uncoated grids. 



Measurement of growth 

Bacterial growth was followed by cell counting in a 
"Neubauer" counting chamber (depth: 0.02 mm). 

DNA isolation 

D N A was isolated as described (Stetter et al. 1981). 

DNA base composition 

The GC-content of D N A was determined by melting point 
analysis (Marmur and Doty 1962), using calf thymus D N A 
(42 mol% GC) as a reference. Direct analysis of D N A base 
composition was performed by high performance liquid 
chromatography after digestion of the D N A with nuclease 
PI (Zillig et al. 1980). 

Lipids 

Lipids were extracted from freeze-dried cells and frac
tionated into neutral and polar lipid by silicic acid column 
chromatography as described elsewhere (Langworthy 1982; 
Langworthy et al. 1983). Polar lipids were hydrolyzed in 
anhydrous 1 M methanolic-HCl to cleave polar head groups 
and the fl-hexane-soluble apolar residues were separated by 
thin layer chromatography developed in the solvent «-hex-
ane-diethyl ether-acetic acid (70:30:1, by vol.). Individual 
components were examined by gas chromatography, in
frared spectrometry, and by gas chromatography/mass 
spectrometry employing instrumentation and conditions de
scribed previously (Langworthy et al. 1983). 

Fermentation by cell suspensions 

A l l procedures were performed anaerobically under a C 0 2 -
atmosphere. A cell culture (51) growing exponentially 
(3xl0 7 /ml) in "MMS"-medium supplemented with 0.4% 
glucose and 0.05% yeast extract (Difco) was harvested 
by centrifugation (8,000 rev/min; 20 min; 5°C; rotor 
889 W K F ) . The supernatant was discarded and the cells 
washed 3 times with a 0.1 M Sörensen phosphate buffer, 
pH 6.3 (Rauen 1964), each wash followed by centrifugation 
(20,000 rev/min; 1.5 min; 5°C; rotor JA 20 Beckman). 
Finally, the pellet was suspended in 10 ml of the same buffer. 
To 5 ml of this suspension, 20 mg of 14C-glucose (2 uCi; 
uniformly labelled) were added and, after removal of C 0 2 

by flushing with N 2 , the mixture was incubated at 85°C in 
closed serum tubes under a nitrogen atmosphere (300 kPa). 
A second 5 ml suspension without glucose was treated the 
same way, as a control. After 2 h, the suspensions were 
cooled down to 4° C and samples of the gas phase were taken 
by a syringe fitted with a gas lock (Hamilton) and analyzed 
immediately for H 2 by gas chromatography. The pH was 
then adjusted to 9 (100 jil 4 N NaOH) and the mixtures 
shaken for 90 min at 4°C. In order to analyze the radioactive 
C 0 2 , 2 ml of the suspension were transferred to a closed 
Warburg vessel; C 0 2 was liberated by addition of 200 ul of 
5% (v/v) sulfuric acid to the suspension and trapped on a 
filter paper soaked with 100 ul of 20% (w/v) K O H . After 
drying the paper, radioactivity was determined by a scintilla
tion counter (Berthold). Organic products were analyzed 
from the residual 3.1 ml of the mixtures. 

Hydrogen determination 

Hydrogen was analyzed in a Packard model 427 gas 
Chromatograph equipped with a thermal conductivity detec
tor and a 2m Teflon column packed with Porapac N 
(Supelco). The oven temperature was 70° C. 

Analyses of organic fermentation products 

Glucose, acetate, formate, citrate, L(4-)- and D(~)-lactate, 
L(+)-malate and ethanol were determined enzymatically 
(Bergmeyer 1974). Methanol, ethanol, isopropanol, «-pro
panol, n-butanol, iso- and w-pentanol and acetone were de
termined by gas chromatography, as were acetate, pro
pionate, iso- and n-butyrate, and iso- and ^-valerate after 
acidification of the suspension (Zabel et al. 1985). Sorbitol 
and mannitol were similarly determined, as butylboronate 
derivatives (Eisenberg 1974) on column 1% G E SE-30 
(Perkin-Elmer). 

The unknown product " A " was detected as a radioactive 
spot by thin layer chromatography (DC-cellulose, Merck; 
solvent system I: isopropylether, water-saturated:formic 
acid = 65:35 v/v). The unidentified product " B " was found 
as a radioactive spot after thin layer chromatography (silica 
plates, Merck; solvent system II: 2-propanol:ethylacetate 
: H 2 0 = 83:l l :6v/v/v). 

H2S determination 

H 2 S was detected qualitatively by addition of 10 ul of 
saturated lead acetate solution to 1 mi samples. A dark 
brown precipitate demonstrated its presence. For quan
titative analysis, H 2 S was determined by titration (Williams 
1979). 

Identification of muramic acid 

Muramic acid was detected in cell hydrolysates (4N H C l ; 
16 h; 100°C) with an amino acid analyzer (LC 5000, Bio-
tronik; program: "Bacterial hydrolysates") and by paper 
chromatography (Schleifer and Kandier 1972). The isolated 
compound was further identified as a methyl ester derivative 
(3N methanolic H C l ; 30 min; 110°C; Albersheim et al. 
1967) by gas liquid chromatography (Hewlett Packard 5880 
A). The alditol acetate derivative was separated on a 3 ft. 
metal column packed with 3% SP-2340 on 100/120 
Supelcoport (Supelco). 

Test for diaminopimelic acid 

Diaminopimelic acid was assayed chromatographically 
(Rhuland et al. 1955). 

Isolation of soluble murein 

Cells were disrupted by sonification (3 min; 70 W; B 12, 
Branson) and then incubated in the presence of 0.5% (v/v) 
Triton X-100 (60° C; 30 min). The envelopes were sedimented 
by ultracentrifugation (40,000 rev/min; 45 min; rotor 50 Ti ; 
Beckman L5-50) and then washed 3 times with H 2 0 , each 
step followed by centrifugation. Murein was solubilized 
from the envelopes by lysozyme treatment (1 mg/ml; 0.1 M 
ammonium acetate buffer pH 6.2; 37°C; 1 h). After removal 
of the insoluble sheath by ultracentrifugation, the murein 



Table 1. Occurrence of Thermotoga in different hot submarine sediments 

Geothermally heated 
sea sediments from: 

Number of 
samples 

Original 
temperature (°C) 

Original pH Number of 
positive 
enrichments 

Designation 
of isolates 

Italy, Vulcano, Porto di Levante 28 70-100 6.5-7 2 MSB8 

Italy, Ischia, Maronti beach 6 56- 90 7 -7.5 6 SI, S3 

Italy, Naples, Stufe di Nerone 15 60- 86 6.5-7.5 14 NE2, NE7 

Azores, Sao Miguel, Ribieira Quente 7 76- 82 6.5-7 6 RQ2, RQ7 

Iceland, Isafjördur, Reykjanes 11 60- 88 6.5-7 0 -

fragments were precipitated by addition of two volumes of 
acetone to the supernatant ( -20°C) . The precipitate was 
collected by centrifugation (15,000 rev/min; 10 min; rotor 
SS34; Sorvall RC-2B) and then dissolved in 20% aqueous 
methanol. After removing insoluble particles by centrifuga
tion, the soluble murein-containing supernatant was further 
separated by high performance liquid chromatography 
( L K B ; column TSK-2000, pump 2150; Uvicord S II; 
collector Superrac 2211; recorder 2210). Soluble murein was 
eluted by 20% aqueous methanol (1 ml/min) within fraction 
numbers 10 to 12 (fraction size: 1 ml), as indicated by a peak 
at 206 nm. 

Enzymatic amino acid analyses 

The configuration of alanine (D-amino acid oxidase; Boeh-
ringer, Mannheim, F R G ; Larson et al. 1971), lysine (L-lysine 
decarboxylase; Sigma, St. Louis, MO, U S A ; in: 0.1 ml 
0.5 M ammonium acetate buffer pH 6; 1 h; 37°C) and 
glutamic acid (L-glutamic acid decarboxylase; Sigma; in: 
0.1 ml 0.1 M ammonium acetate buffer pH 5; 1 h; 37°C) 
within the hydrolyzed ( 4 N H C l ; 16 h; 100°C) soluble 
murein was determined enzymatically. 
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Purification of the RNA polymerase 

R N A polymerase of Thermotoga maritima was purified by 
the following standard methods: (a) precipitation with 
Polyethylen glycol (Humphries et al. 1973); (b) chromatog
raphy on DEAE-cellulose, single-stranded D N A agarose, 
heparin cellulose and sucrose gradient centrifugation 
(Thomm and Stetter 1985). A l l procedures were performed 
in Tris-HCl buffer (50 m M ; pH7.5) containing M g C l 2 

(10 mM), K C l (50 mM) and glycerol (40% v/v). 
The R N A polymerase of Escherichia coli was obtained 

from Boehringer, Mannheim. 

RNA polymerase assay 

R N A polymerase activity was determined as described 
(Thomm and Stetter 1985) but without K C l and with 40 m M 
M g C l 2 in the assay mixture. Incubation was 20 min at 55° C 
(T. maritima RNAP) or 37°C (£. coli RNAP) , respectively. 

Polyacrylamide gel electrophoresis 

Polyacrylamide gel electrophoresis was performed accord
ing to Laemmli (1970) but in a 5 — 25 % exponential Polyacr
ylamide gel (Mirault and Scherrer 1971). 
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Fig. 1. Influence of salt concentration on growth of Thermotoga 
maritima, isolate MSB8 

Results 

Collection of samples and isolation of the new bacteria 

Samples of geothermally heated marine sediments were 
taken by scuba diving in Vulcano, Ischia, and Naples (all 
located in Italy), Reykjanes, Isafjördur (Iceland) and 
Ribieira Quente (Azores). Oxygen was removed from the 
samples immediately (Stetter 1982). Further samples were 
collected from geothermally heated freshwater sediments at 
Lake Yellowstone (USA), Serum tubes (Balch et al. 1979), 
containing 10 ml "MMS"-medium (gas phase: 300 kPa N 2 ) 
or "SME"-medium (supplemented with 0.05% yeast extract; 
gas phase: 300 kPa N 2 / C 0 2 80:20) were inoculated with 
1 ml of the sample and were incubated anaerobically at 
85° C. Within two days rod-shaped bacteria with an unusual 



outer sheath-like structure became visible among 
ThermococcusAxkc cells (Zillig et al. 1983). The new rod-
shaped organisms could be purified by repeated serial 
dilutions in "MMS"-medium supplemented with 0.05% 
yeast extract followed by incubation at 85° C. When agar 
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Fig. 2. Optimal growth temperature of Thermotoga maritima, isolate 
MSB8. The doubling times were calculated from the slopes of the 
growth curves (not shown) 

(0.8%) was added to the dilution medium, white round 
colonies were visible in the solidified medium after incuba
tion for three days at 65° C. Unless stated otherwise, all 
experiments were performed with strain MSB8, the first 
isolate obtained in pure culture and the designated type 
strain (DSM 3109). 

Distribution 

The new organisms could be obtained from geothermally 
heated sea floors at Vulcano, Ischia, Naples and Ribeira 
Quente (Table 1). They were not found in samples taken at 
Reykjanes, Isafjördur in the northwest area of Iceland, 
where hot freshwater springs were present at the sea floor, 
nor in 24 samples of geothermally heated freshwater sedi
ments of Lake Yellowstone (not shown). 

Culture and storage 

10 ml cultures were normally transferred into fresh medium 
after 2 days (1% inoculation) and were incubated at 85° C 
without shaking. Strictly anaerobic growth conditions were 
required (Balch et al. 1979). In "MMS"-medium in closed 
culture vessels at 85° C, the doubling time was about 75 min 
(not shown). However, for unknown reasons the final cell 
concentration varied from 2.5 to 20 x 107/ml even in parallel 
cultures. Upon addition of yeast extract (0.05%), a fairly 
constant final cell concentration of about 2 x 108/ml could 
be obtained. In the fermentor the final cell concentration 
was about 8 x 108/ml, yielding about 60 g cell mass (wet 
weight) per 100 1. Cultures (10 ml) stored at 4°C and - 2 0 ° C 
could serve as inocula for over a year, even though oxygen 
was present, as indicated by the red colour of the resazurin 
indicator. However, when incubated at 85° C in the presence 
of oxygen, the cell titre (viable count) decreased from 107/ 
ml to 104/ml within 1 h. After 10 h under these conditions, 
no viable cells could be detected. 



Fig. 6. Thin section of Thermotoga maritima. Bar, 1 \im 



Fig. 7. Thin section of dividing cell of Thermotoga maritima. Bar, 1 urn 

Fig. 8. Flagellated dividing cell of Thermotoga maritima. Bar, 1 urn 

Optimal pH for growth 

Growth was obtained between pH 5.5 and 9 with an 
optimum around 6.5 (not shown). 

Optimal salt conditions 

Growth could be observed between NaCl concentrations of 
0.25 to 3.75% (w/v) with an optimum at around 2.7% 
(Fig. 1). No growth occurred at 0.05 and 4.75% (w/v) NaCl. 

Growth temperature 

Al l isolates (Table 1) grew from 55 to 90° C with an optimum 
at around 80°C (e.g. MSB8: Fig. 2). 

Morphology 

By phase contrast microscopy, rod-shaped cells occurring 
singly or in pairs were visible, surrounded by a characteristic 
sheath-like structure ballooning over the ends of the rods. 
The sheath could be observed both by microscopy at room 
temperature (Fig. 3) and at 85° C (not shown). Very rarely, 
as many as four cells surrounded by one sheath could be 
seen (not shown). The sheath-like structure resembled an 
S-layer (Sleytr and Messner 1983), in that it comprised sub-
units in hexagonal array with center-to-center spacing of 
approximately 12.4 nm (Fig. 4), most likely protein. The 
rods were about 1.5 to 11 urn long (average: 5 \im) and were 
covered by the sheath, which was about 3.5 to 14 jim in 
length (average: 7.5 um) and about 0.6 urn in diameter 



Fig. 9. Phase contrast micrograph of cell after penicillin G treat
ment. Bar, 1 urn 

(Fig. 5). The cells stained Gram-negative and no murein 
layer could be observed in thin sections (Figs. 6,7). The cells 
were motile due to a single subpolar flagellum, about 17 nm 
in diameter and up to 8 ^im long (Fig. 8). No septa formation 
could be observed even in thin sections of dividing cells 
(Fig. 7). Cells probably multiplied by constriction (Fig. 7). 
During the stationary growth phase, the rods became 
spheres, still surrounded by the bag-shaped sheath-like 
structures (not shown). 

Sensitivity to antibiotics, sodium dodecy¡sulfate and enzymes 

Growth of the new isolates was totally inhibited by penicillin 
G , ampicillin, vancomycin, chloramphenicol, cycloserine 
and phosphomycin, but not by rifampicin, when added (final 
concentration: 100 ng/ml) together with the inoculum and 
incubated at 75° C. 

When rifampicin was added to exponentially growing 
cultures (~ 107 cells/ml) in the extremely high concentration 
of 1 mg/ml, growth was inhibited. When penicillin G was 
added to a culture in log phase of growth, morphological 
alterations occurred within 2 h: The rods tended to round 
up (Fig. 9). 

In the presence of sodium dodecylsulfate (1% w/v), both 
cells and the sheath-like structures disappeared under the 
microscope within 2 to 3 min. This was also confirmed by 
electron microscopy (not shown). 

When lysozyme (1 mg/ml) was added (at room tempera
ture), rods turned into spheres within minutes. 

By incubation of cultures (about 108 cells/ml) with pro
teinase K (Merck; Darmstadt, F R G ; 5 mg/ml; 37°C), about 
50% of the cells became spherical by 5 h. The sheath-like 
structures remained even after 24 h incubation, however, 
indicating their resistance to the enzyme. 

Resistance to diphtheria toxin 

Cell homogenates of MSB8 did not show ADP-ribosylation 
by diphtheria toxin, indicating that the elongation factor 2 
(EF2) did not serve as an acceptor (F. Klink, pers. comm.), 
which is characteristic of eubacteria (Kessel and Klink 1982). 

Metabolism 

The new isolates were strictly anaerobic fermentative 
organotrophs. They were able to utilize glucose, ribose, 
xylose, galactose, sucrose, maltose, starch, glycogen, yeast 
extract, and whole cell extracts of eubacteria (e.g. of Lacto
bacillus bavaricus) and archaebacteria (e.g. of Methanococ-
cus thermolithotrophicus, Methanobacterium thermoauto-
trophicum, Pyrodictium brockii). 

Table 2. Fermentation of glucose by cell suspensions of Thermotoga 

Substrate and mol/100 mol mol carbon 
products substrate 

Glucose 100 600 
L(+)-Lactate 118 354 
Acetate 47 94 
A + B* n.d. n.d. 
C 0 2 54 54 
H 2 9 -Total - 502b 

n.d. Not determined 
8 Two unidentified minor spots by thin layer chromatography 

(A: R f = 0.45; solvent system I; 
B: Rf - 0.12; solvent system II) 

b Carbon recovery : 84% 

Optimal growth was obtained by flushing exponentially 
growing cultures with N 2 , to remove H 2 , a fermentation 
product (see below) that is a potent growth inhibitor for 
these species. No growth occurred when cultures were pres
surized with hydrogen-containing gas ( H 2 / C 0 2 = 80:20; 
300 kPa). The inhibition was reversible, for growth resumed 
after gas exchange ( N 2 / C 0 2 = 80:20; 300 kPa). 

The fermentation products of isolate MSB8 were 
analyzed after incubation of a cell suspension at 85° C in the 
presence of glucose. Within 2 h, 70% of the glucose was 
consumed. The fermentation products were L(+)-lactate, 
acetate, C 0 2 , H 2 , and two minor unidentified organic 
compounds " A " and " B " (Table 2), which were detected by 
thin layer chromatography. Exclusive of " A " and " B " , the 
total carbon recovery was 84% (Table 2). 

Influence of elemental sulfur 

When S° was added to the culture medium, the new isolates 
formed H 2 S (up to 4 jimol/ml). However, the growth yield 
did not increase in the presence of S° (not shown), and 
no significant changes in the stoichiometry of the organic 
fermentation products could be detected (not shown), so 
the organisms presumably do not obtain energy by sulfur 
respiration. In the presence of S°, H2-formation was reduced 
to about 40% of that formed without S°. Surprisingly, the 
cells were able to grow in the presence of a great deal of H 2 

(e.g. H 2 : C 0 2 = 80:20; 300 kPa), when S° was added into 
the culture medium. Therefore, H2S-formation seems to be 
a kind of "detoxification" reaction, important to rid the 
organisms of inhibitory H 2 . 

Lipids 

Isopranoid C 2 0 phytanyl diethers or C 4 0 dibiphytanyl di-
glycerol tetraethers were absent, suggesting isolates MSB8 
and RQ2 were not archaebacteria (Langworthy 1985). 
Although C t 2 to Cis fatty acids were present, as in typical 
eubacteria, they accounted for only about 7% of the total 
apolar chains. About 10% of the apolar chains were 
identified as an unusual series of five different C 3 0 , C 3 2 and 
C 3 4 long chain dicarboxylic fatty acids containing either one 
central internal methyl branch or two central vicinal methyl 
branches (Langworthy et al., in preparation). The remaining 
83% of the hydrophobic chains consist of a series of unique, 
more polar, and as yet unidentified compounds. 



Table 3. D N A composition of the different Thermotoga-isolates 

Isolate GC-content (mol%) Isolate 

T M 
Chemical 

MSB8 45.9; 46.1; 46.4; 46.3a 45.8; 47.3a 

SI 45.4 n.d. 
S3 45.1 n.d. 
NE2 45.9 n.d. 
NE7 45.4 n.d. 
RQ2 45.0 n.d. 

n.d. Not determined 
a Different preparations 

Fig. 10. Subunit patterns of different R N A polymerases after 
sodium dodecylsulfate Polyacrylamide gel electrophoresis. Left lane 
molecular weight standards (Sigma; myosin, 205,000; /?-
galactosidase, 116,000; Phosphorylase B, 97,400; bovine serum 
albumine, 66,000; egg albumine, 45,000; carbonic anhydrase, 
29,000). Other lanes R N A polymerases of Methanococcus 
thermolithotrophicus, Thermotoga maritima (E), Escherichia coli 
(Ea). Right lane R N A polymerase (Ecr) of Lactobacillus curvatus 

Murein analysis 

Muramic acid was present within hydrolysates of whole 
cells (not shown). Attempts to isolate rigid murein sacculi 
(Schleifer and Kandier 1967) failed. Boiling of cell 
homogenates in the presence of 2% (w/v) sodium 
dodecylsulfate led to solubilization, indicating that the 
murein in MSB8 did not occur as a rigid sacculus, but 
possibly in patches. For chemical analyses, murein was solu-
bilized from the envelopes by treatment with lysozyme and 
was then purified by high performance liquid chromatog
raphy. The pure soluble murein comprised of muramic acid, 
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Fig. 11. Sensitivity of the purified R N A polymerases of Thermotoga 
maritima and Escherichia coli against rifampicin. ( • ) Thermotoga 
maritima, (O) Escherichia coli. 100% activity corresponded to a 
1 4 C - A M P incorporation of 900 ct/min • ug protein (Thermotoga 
maritima) and 2,050 ct/min • ug protein (E. coli) within 20 min 
(Thomm and Stetter 1985) 

N-acetylglucosamine, glutamic acid, alanine, and lysine in 
a molar ratio of 0.41:0.69:1.00:1.43:0.89. No diamino
pimelic acid could be detected. Stereospecific enzymes 
showed that glutamic acid had a D-configuration, while 
alanine and lysine occurred in both the D- and 
L-configurations (D-Ala: 46%; D-Lys: 47%). Lysine in the 
D-configuration is highly unexpected. The structure of the 
peptide moiety has yet to be elucidated. 

DNA composition 

The GC-content of the D N A of the isolates was determined 
by T M (Marmur and Doty 1962), and, in some cases by 
analysis of the mononucleotides obtained by digestion with 
nuclease PI (Zillig et al. 1980). A l l isolates showed a GC-
content of about 46 mol% (Table 3). 

DNA-dependent RNA polymerase 

After sodium dodecylsulfate Polyacrylamide gel electro
phoresis, the purified DNA-dependent R N A polymerase of 
isolate MSB8 (Fig. 10) exhibited a typical eubacterial sub-
unit pattern (Burgess 1976), consisting of two heavy subunits 
with molecular weights of 184,000 and 141,000, most likely 
ß' and ß of a light subunit with a molecular weight of 
45,000, most likely a. The pure enzyme appeared to be a 
(T-free "core" which was inactive on poly d(AT) as template. 
It was activated by a fraction which had been separated 
during purification from the core enzyme by chroma
tography on single-stranded D N A agarose (Schaller et al. 
1972; not shown) and which most likely contained the 
ör-factor. In contrast to E. coli, the R N A polymerase of 
MSB8 is resistant to 1 ug/ml of rifampicin (Fig. 11). At 
higher concentrations, a very weak but distinct sensitivity 
to this antibiotic can be observed. At the extremely high 
concentration of 200 ug/ml only 80% of the activity of the 
R N A polymerase of MSB8 were inhibited (not shown). 



Discussion 
The new isolates are Gram-negative rod-shaped fermenta
tive extreme thermophiles with a D N A GC-content of 
around 46mol%; they can be isolated by enrichment at 
85°C in starch-containing anaerobic sea water from samples 
taken from geothermally heated sea floors. The isolates are 
easily recognized by the unusual sheath-like structure cover
ing one to two cells, and composed of subunits in hexagonal 
array. On the basis of the results presented herein we describe 
the isolates as members of the new genus Thermotoga be
cause of their extreme thermophily and their unusual sheath
like structure. The type species is Thermotoga maritima 
(DSM 3109). Although not closely related to other bacteria, 
Thermotoga belongs to the eubacterial kingdom, by virtue 
of its having murein and fatty acid-containing lipids, its 
diphtheria-toxin-resistant elongation factor 2 (F. Klink pers. 
comm.), its R N A polymerase subunit pattern and its 
sensitivity to antibiotics. The extremely low sensitivity of 
its R N A polymerase to rifampicin is in contrast to other 
eubacterial wild type enzymes (Riva et al. 1972; Zillig et 
al. 1985) and indicates phylogenetic distance. "Rifampicin-
resistant" R N A polymerase of Escherichia coli mutants are 
known to be fully inhibited by high rifampicin concentra
tions (50 ng/ml), due to a second, less specific mechanism of 
action (Riva et al. 1972) which may also lead to the in-
activation of the Thermotoga enzyme. In contrast, the 
archaebacterial R N A polymerases of methanogens are 
completely resistant even against 200 ug/ml of rifampicin 
(Thomm and Stetter unpublished). Its 16S r R N A sequence 
(Achenbach-Richter et al. in preparation) shows Thermo-
toga to represent an extremely deep branch within the 
eubacteria, and so a distinct order. 

The extremely high growth temperature, up to 90° C, for 
all Thermotoga isolates is unique for eubacteria, being found 
previously exclusively in archaebacteria (Stetter and Zillig 
1985). The lipid structures of Thermotoga are still unclear. 
Long chain dicarboxylic acids, termed diabolic acids, have 
been described in one other organism, a mesophilic, anaer
obic Butyrivibrio species (Klein et al. 1979), possibly in
dicating some phylogenetic relationship. Such a relationship 
is belied, however, by the lack of fatty aldehydes among the 
apolar chains of Thermotoga. Fatty aldehydes arise from 
plasmalogen type glycerolipids and are characteristic of this 
Butyrivibrio species as well as anaerobic eubacteria in general 
(Langworthy 1985). In fact, the majority of the lipids appear 
to be of unprecedented structure, suggesting again that 
Thermotoga may not be closely related to any known 
eubacterium. The murein of Thermotoga is also unusual, 
although typical components are present: since no sacculus 
could be detected, it may exist in patches. Furthermore, it 
contains D- and L-lysine, which had not been found in Gram-
negatives so far (Schleifer and Kandier 1972; Schleifer, 
pers. comm.). 

The strictly anaerobic fermentation of carbohydrates to 
L(+)-lactate, acetate, C 0 2 , and H 2 of Thermotoga is remi
niscent of butyrate fermentation in Clostridia (Gottschalk 
1979), although neither butyrate nor butanol are formed. 
During growth at high temperatures Thermotoga is ex
tremely sensitive towards oxygen, which it tolerates at low 
temperatures (where no growth occurs). This oxygen 
tolerance could enable Thermotoga to have a wide distribu
tion between distant geothermally heated submarine areas. 
Within these hot areas, Thermotoga can thrive by decom
position of organic material possibly provided by the cellular 

components of the chemolithotrophic archaebacteria (e.g. 
glycogen; König et al. 1982) which share these habitats. 

Description of a novel genus and one new species: 

Thermotoga, Stetter and Huber (gen. nov.), Ther. mo. to\ 
ga. Gr. fem. n. therme heat; L . fern. n. toga, Roman outer 
garment. Thermotoga M . L . fem. n. the hot outer garment. 
Cells are Gram-negative rods, occurring singly and in pairs, 
about 1.5 to 11 urn long and 0.6 |xm in width, surrounded 
by a sheath-like outer structure, usually ballooning over the 
ends. Very rarely, up to four cells are enclosed in one sheath. 
Cells become coccoid in stationary phase. They are motile 
due to a single subpolar flagellum, about 17 nm in diameter. 
Colonies have a whitish colour. Growth by fermentation 
of carbohydrates: L(-f )-lactate, acetate, C 0 2 , H 2 and two 
minor unknown substances " A " and " B " are formed. El 
emental sulfur is reduced. Growth up to 90° C with an 
optimum near 80° C. No growth below 55° C. Growth be
tween pH 5.5 and 9 and between 0.25 and 3.75% NaCl. 
Strictly anaerobic. Outer sheath-like structure composed of 
subunits in hexagonal array. Murein present, containing D-
and L-lysine. Lipids contain about 7% C i 2 to C 1 8 fatty 
acids, 10% C 3 0 , C 3 2 and C 3 4 dicarboxylic acids with one to 
two internal methyl branches, and 83% of as yet unidentified 
hydrophobic chains. EF-2 is resistant to ADP-ribosylation 
by diphtheria toxin. The R N A polymerase is resistant to 
1 u.g/ml rifampicin. The core enzyme consists of subunits 
with molecular weights of 184,000,141,000, and 45,000. The 
D N A base composition is about 46 mol% GC. By its 16S 
r R N A sequence, Thermotoga represents a very deep branch
ing in the eubacteria. 

Type species is Thermotoga maritima, MSB8, D S M 3109, 
Göttingen, F R G . 

Thermotoga maritima, Stetter and Huber (sp. nov.), 
ma.ri'.ti.ma L . maritima, L . fern. adj. belonging to the sea, 
describing its biotope. Description as for the genus. 

Lives within geothermally heated sea floors. 
Type strain is Thermotoga maritima, MSB8, D S M 3109, 

Göttingen, F R G . 
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