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Abstract. Hot springs and hydrothermal systems occurring within volcanic areas are inhabited by 
hyperthermophilic microorganisms, some of which grow at temperatures up to 110 °C. Hyperthermophiles 
grow anaerobically or aerobically by diverse metabolic types. Within the high temperature ecocystems, 
primary production is independent from solar energy. 

1. Introduction 

Microbiological exploration of extreme biotopes has recently led to the discovery 
of unusual hyperthermophilic organisms with optimum growth temperatures of at 
least 80 °C occurring in volcanic habitats. Some hyperthermophiles are able to 
grow up to 110 °C. In contrast, the upper temperature limit of usual thermophilic 
and extremely thermophilic prokaryotes, which have been recognized since a long 
time, is usually in the range of 60-80 °C. This paper will give an overview about 
the hyperthermophiles. The reader is also referred to other general reviews on 
hyperthermophiles (Setter, 1989a; Stetter et a/., 1990; Segerer et al., 1991a) and 
reviews focussing on specified hyperthermophilic taxa (R. Huber and Stetter, 1991a; 
R. Huber and Stetter, 1991b; Segerer and Stetter, 1991a; Segerer and Stetter, 1991b) 
which have been published recently. 

2. Habitats 

Hyperthermophiles have almost exclusively been isolated from volcanic habitats, 
i.e. continental solfatara fields and submarine hydrothermal areas (Corliss et al., 
1979; Williams and McBirney, 1979). A few isolates were also obtained from suitable 
anthropogenic biotopes. 

Within solfataras, hyperthermophiles occur in sulfur-rich boiling springs, mud-
holes, and heated soils. Solfataric springs are either highly acidic and rich in sulfate 
or almost neutral, sometimes even slightly alkaline, reflecting the chemical com­
position of the ground (Brock, 1978). Depending on the altitude above sea level, 
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the temperatures can be as high as 100 °C. The soils exhibit a bilayered profile 
which is defined by pH value and redox state (Stetter et J / . , 1986a; Stetter et al.y 

1986b): (a) The surface layer is typically about 30 cm thick, highly acidic (pH 
0.5-4), and oxidized. Ferric iron compounds cause a rusty appearance, (b) The 
lower zone is essentially anaerobic due to the permanent stream of volcanic 
exhalations containing reducing compounds (e.g., H 2S). Characteristically, the pH 
value is significantly higher than in the oxidized layer (pH 4-8). The color is blackisch-
grey due to the presence of heavy metal sulfides. Both zones are rich in molecular 
sulfur which is generated by the reaction of H 2 S with S0 2 or 0 2 . Solfataric 
hyperthermophiles are well adapted to their environment. There are both extreme 
acidophiles and neutrophiles which thrive aerobically, facultatively anaerobically, 
or strictly anaerobically (see section on physiology below). No hyperhermophiles 
could be isolated from highly acidic wet fumaroles at Stromboli and Fossa volcano 
(Southern Italy) and Hawaii, possibly due to their high content of S0 2 and HCl 
which are toxic to laboratory cultures in higher concentrations (A.H.S. and K.O.S ; 

unpublished results; T.D. Brock, personal communication). 
The marine biotopes include anaerobic hot sediments, submarine fumaroles and 

hydrothermal vents. These habitats usually exhibit pH values close to neutrality 
(pH 5-8.5). Due to the elevated hydrostatic pressure, the temperatures of the hot 
waters may exceed 100 °C. Vent systems occurring at ocean floor spreading zones 
discharge hydrothermal fluids into the surrounding sea water which are rich in sulfides 
and heavy metals and may exhibit temperatures of up to almost 400 °C (Corliss 
et a/.y 1979; Jannasch and Wirsen, 1979; Jannasch, 1989). 

Presumably due to their different chemical composition, marine and terrestric 
high temperature biotopes are each colonized by characteristic, distinct communities 
of hyperthermophiles. As an exception, some isolates of the solfataric species 
Acidianus infernus and Thermoplasma volcanium could be obtained from highly acidic 
sä^p l f i ar ine sediments off Vulcano Island, Italy (Segerer et al 1986, 1988). 

Anthropogenic habitats include heated overflow waters from geothermal power 
plants (Stetter, 1985; R. Huber et ai, 1987), acidic hot water drainages and soils 
self-heated coal refuse piles (Darland et al.y 1970; Brock, 1978; Marsh and Norris, 
1985) and from a uranium mine containing graphite and pyrite in eastern Germany 
(A.H.S. and K.O.S., unpublished observation). 

3. Taxonomy and Phylogeny 

To date, about 45 species of hyperthermophiles and related extreme thermpphiles 
have been described and assigned to a number of different genera and orders (Table I). 
All hyperthermophiles but the Thermotogales belong to the archaeal domein (Woese 
et al.y 1990) of life which had previously been designated 'archaebacteria* (Woese 
et al., 1978). Based on sequence analyses of 16S rRNA genes and paralogous genes 
that dcvergcd from each other before the domains emerged from their common 
ancestor, the Archaea were shown to represent a distinct monophyletic lineage of 



T A B L E I 

Taxonomy of hyperthermophiles and related thermophiles 

Order Genus Species Reference 

Domain Archaea (Kingdom Crenarchaeota) 
Sulfolobales Sulfolobus S. acidocaldarius 

S. solfataricus 
S. shibatae 
S. metallicus 

Brock et a/., (1972) 
Zillig et a/., 1980 
Grogan et al.% 1991 
G . Hubcr and Stetter, 1991 

Metallosphaera .\f. seduta6 G . H u b e r t at., 1989 
Sulfurococcus Sc. mirabilis* Golovacheva et at., 1987; Zhilina 

etat., 1989 
Acidianus A. in/emus 

A. brier leyb 

Segerer et al.% 1986 
Zillig et at., 1980, Segerer et a!., 
1986 

Desulfurolobus D. ambivalens Zillig et al., 1986 
Siygiolobus S/t. azor i cus Segerer et ai, 1991b 

Thermoproteales Thermoproteus T. lenax 
T. neuirophilus 
T. uzoniensis 

Zillig etat., 1981 
Stetter, 1986; Zillig, 1989 
Bonch-Osmolovskaya et al., 1990 

Pyrobaculum Pb. islandicum 
Pb. organotrophum 

R. Huber etat., 1987 
R. H u b e r t aL, mi 

Thermofilum Tf. pendens 
Tf. librum 

Zillig et ai., 1983a 
Stetter, 1986 

Desulfurococcus De. mucosus 
De. mobifis 
De. saccharovorans 
De. amylolyticus 

Zillig etat., 1982 
Zillig etat., 1982 
Stetter, 1986 
Bonch-Osmolovskaya et aL, 1985 

Staphylothermus Sit. maritimus Fiala et al., 1986 
'Pyrodictiales' Pyrodictium Pd. occuhum . 

Pd. brock ii 
Pd. abyssi 

Stetter et al., 1983 
Stetter et al., 1983 
Pley etat., 1991 

Hyperthermias H. butylicus Zillig etat., 1990 

"Thermoco<fcales / 
Thermodiscus Td. maritimus Stetter, 1986 

"Thermoco<fcales / Thermococcus Tc. celer 
Tc. litoralis 
Te. stetieri 

Zillig etat., 1983b 
Neuner et al., 1990 
Miroshnickenko et al., 1989 

Pyrococcus Pe. furiosus 
Pe. woesei 

Fiala and Stetter, 1986 
Ziilig et at., 1987 

'Archaeoglobales' Archaeoglobus Ag. fulgidus 
Ag. profundus 

Stetter et at., 1987; Stetter, 1988 
Burggraf etat., 1990b 

'Thermoplasmatales' Thermoplasma Tp. acidophilumb 

Tp. volcanium* 
Darland etat., 1970 
Segerer et aL, 1988 

'Methanopyrales* Methanopyrus Mp. kandleri R. Huber et al., 1989a 
Methanococcales Methanococcus* Me. jannasch i i 

Me. igneus 
Me. thermotitho-
trophicus 

Jones et al., 1983 
Burggraf et al., 1990a 
H . Huber et aL, 1982 

Methanobacteriales^ Methanothermus Mi. ferxidus 
Mr. Soeiabilis 

Stetter et aL, 1981 
Lauerer et aL. 1986 



Table I (continued). 

Order Genus Species Reference 

Domain Bacteria 
Thermotogales Thermotoga 

Thermosipho 
Fervidobacterium 

Tt. marítima 
Tt. neapolitana 
Tt. thermarumb 

Ts. africanus6 

F. nodosum^ 
F. islandicumb 

R. Huber et al., 1986 
Jan nasch et al., 1988 
Windbcrgcr et al., 1989 
R. Huber et al., i989b 
Pate! et al., 1985 
R. Huber et al., 1990b 

a The order or genus contains further mesophiiic organisms which are not listed here. 
b Thermophilic but not hyperthermophilic organism, mentioned due to relationship to hyperthermophiles. 

evolution beside the domeins Bacteria (after recognition of archaebacteria designated 
as 'eubacteria') and Eucarya (eukaryotes) (Woese and Fox, 1977; Fox et ai, 1980; 
Woese, 1987; Gogarten et ai, 1989; Iwabe et ai, 1989; Woese et al., 1990). 

The archaeal phylogenetic tree consists of two main branches (kingdoms) (Woese 
et al., 1990): (a) The Crenarchaeota which almost exclusively include hyperther­
mophiles (Stetter and Zillig, 1985; R. Huber and Stetter, 1991a; Segerer and Stetter, 
1991b); and (b) the Euryarchaeota. The first crenarchaei organisms discovered in 
the 70s and early 80s were sulfur metabolizers and either extreme acidophiles (e.g., 
Sulfolobus acidocaldarius) or acid tolerant (e.g., Thermoproteus tenax) (Brock et 
al., 1972; Zillig et al., 1980; 1981). Therefore, the whole group has sometimes been 
called 'thermoacidophilic' or 'sulfurdependenf archaebacteria (Zillig et ai, 1981; 
Stetter and Zillig, 1985). However, a number of isolates are now known to be 
either not dependent on sulfur, neutrophilic, or both. Hence, these designations 
are no longer appropriate, in contrast to the Crenarchaeota, the Euryarchaeota 
represent a phenotypically highly diverse group of organisms including methanogens, 
sulfate reducers, extreme halophiles, thermoacidophiles, and fermentative archaea, 
only some of which are thermophilic or hyperthermophilic (Woese, 1987). 

The only hyperthermophilic bacteria recognized to date are included within the 
order Thermotogales (R. Huber and Stetter, 1991b). By 16S rRNA sequences, this 
order represents the deepest branch of the bacterial phylogenetic tree (Woese, 1987). 

4. Morphology, Physiology and Distribution 

The hyperthermophilic archaea and Thermotoga usually are of the size of a typical 
prokaryotic cell (0 0.5-2 u.m) e.g., Figures 1-4) and employ a variety of different 
morphotypes, including rods (Thermoproteus, Pyrobaculum, Methanopyrus, Metha-
nothermus) (Figure I), thin filaments (0 «* 0.1 u\m; Thermofilum), discs (Pyrodictium, 
Thermodiscus) (Figure 2) and cocci (most hyperthermophiles) (Figures 3, 4). The 
cocci may be more or less regularly or highly irregularly in shape, depending on 
the organism (Stetter et ai, 1990; Table II). Highly irregular, lobed cells are 
characteristic of most members of the Sulfolobales (Brock et al., 1972; Stetter, 



Fig. 1. Methanopyrus kandleri isolate Avl9 . E M micrograph of an ukrathin section. Bar, 0.5 um. 

1989b; Segerer and Stetter, 1991b). There are some exceptional morphological types: 
(a) Pyrodictium cells possess ultraflat areas and are connected by a network of 
hollow proteinaceous fibres of yet unknown function (Stetter, 1982; König et ai, 
1988; Pley et al., 1991) (Figure 2); (b) cells of Thermoproteus, Pyrobaculum and 
Thermofdum produce spherical terminal protrusions ('golf club forms') with unknown 
biological function (Zill ig et al., 1981, 1983a; R. Huber et al, 1987; R. Huber 
and Stetter, 1991a); (c) Thermoproteus cells may be truely branched (Zillig et ai, 
1981; R. Huber and Stetter, 1991a); (d) Staphylothermus, which normally occurs 
in huge grape-like aggregats, is able to form giant cells (0 up to 15 u,m) in nutrient-
rich medium (Fiala et al., 1986); and (e) Thermotoga spp. possess a characteristic 

Fig. 2. Pyrodictium occultum isolate PL 19. E M mocrograph, Pt shadowing. Bar, 2 um. 
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Fig. 3. Stygiollobus azoricus isolate FC6. E M micrograph, Pi shadowing. Bar 0.5 urn. 

sheath-like outer membrane ballooning over both ends (R. Huber et al., 1986; 
Jannasch et al., 1988; Rachel et ai., 1990). 

Most hyperthermophiles are flagellated (e.g., Figure 4), but are usually immotile 
at room temperature and run only at temperatures of > 50 °C (R. Huber et al., 
1987; Grogan, 1989; R.H. and K.O.S., unpublished obeservations). 

Whereas the majority of hyperthermophiles thrive optimally at pH values around 
neutrality, the members of the Sulfolobales (and the less extremely thermophilic 
Thermoplasma spp.) are extreme acidophiles that grow optimally around pH 2-
3 and lyse at pH > 7 (Darland et aL, 1970; Brock et al., 1972; Segerer et aL, 
1988; Segerer and Stetter, 1991b) (Table II). With the exception of Stygiolobus 
(Segerer et aL, 1991b), all of these acidophiles are able to grow aerobically (Segerer 
and Stetter, 1991a, b; Table II). All other hyperthermophiles are extreme anaerobes 
which are usually killed even by traces of oxygen. Special techniques are required 
for successful cultivation, therefore (Balch et al., 1979). No dormant stages like 



Fig. 4. Archaeoglobus fulgidus isolate Vc 16. E M micrograph, Pt shadowing. Bar, 0.5 [im. 

endospores are formed by the hyperthermophiles known to date. 
As a rule, hyperthermophiles have an optimum growth temperature well above 

80 °C and cannot grow below *** 60 °C. Methanopyrus (Figure 1) and Pyrodictium 
(Figure 2) are the most thermophilic organisms known, growing maximally at 110 °C 
and being unable to grow below 80 °C (Stetter et al.t 1983; Pley et ai, 1991; R. 

T A B L E II 

Morphological and physiological properties o f some hyperthermophiles 

Species Morphology 

G r o w t h temperature 
(°C) 

M i n . Opt . M a x . 
G r o w t h 
at p H 

anaero­
bic (an)/ 
aerobic (ac) 

Acidianus in/emus Iobed, irregular cocci 60 88 95 0.8-5.5 ae/an 
Pyrobacu/um rods, sometimes with 74 100 103 5-7 an 
islandicum terminal spherical 

protrusions 
Thermoß/um pendens thin filaments, sometimes 70 88 95 4-6.5 an 

with a terminal spherical 
protrusions 

Pyrodictium occultum discs with fibres 82 105 110 5-7 an 
Pyrococcus furiosus cocci 70 100 103 5-9 an 
Archaeoglobus fulgidus irregular cocci 60 83 95 5.5-7.5 an 
Methanococcus igneus irregular cocci 45 88 91 5-7.5 an 
Methanothermus sociabilis rods in clusters 65 88 97 5.5-7.5 an 
Methanopyrus kandleri rods 84 98 110 5.5-7 an 
Thermotoga maritima rods with a sheath-like 55 80 90 5.5-9 an 

outer membrane ('toga') 


