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Chapter 14

Extremophiles: pH, Temperature, and Salinity

CONSTANTINOS E. VORGIAS AND GARABED ANTRANIKIAN

From the anthropocentric point of view, microorgan-
isms that are able to survive and grow optimally at
temperatures below 10°C and above 40°C, ata pH be-
low 5.0 or above 8.0, at a pressure above 1 atm, and
at a salt concentration of more than 30 g/liter are de-
fined as extremophiles. There are many environments
around the world that are extreme. These are geother-
mal areas with high temperature, polar regions with
temperatures around the freezing point of water, deep
oceans with very high pressure, and acid or alkaline
springs with low or high pH, respectively. As condi-
tions become increasingly demanding, extreme envi-
ronments become exclusively populated by microor-
ganisms belonging to prokaryotes. It is very likely that
eukaryotic organisms were partially unable to adapt
and survive under extreme conditions because of their
cellular complexity. The realization that extreme en-

vironments harbor different kinds of prokaryote lin-

eages has resulted in a complete reassessment of our
concept of microbial evolution and has given consid-
erable impetus to extremophile research (Leuschner
and Antranikian, 1995; Ladenstein and Antranikian,
1998; Niehaus et al., 1999; Horikoshi and Grant,
1998, Rohschild and Mancmelli, 2001).

During the past 20 years, rapidly growing re-
search activities focused on the elucidation of the ba-
sic rules that govern these extreme microorganisms
have been conducted all over the world. This new
field was strongly supported by industry and
academia because it became obvious that the ex-
tremophilic organisms provide a unique resource for
a variety of biomolecules such as enzymes and com-
pounds with high potential for applications in the
biotechnological industry. Furthermore, the finding
of novel biocatalysts will allow the development of
more efficient and environmentally friendly industrial
processes. In this chapter we focus on a general de-
scription of the ecology, the general properties, and

some examples of the biotechnological application of
microorganisms that are able to grow optimally un-
der very low or very high temperature, extreme pH,
and high salinity. Such extremophiles can be found in
terrestrial and marine environments all over the
world and particularly in exotic ecological niches
such as polar regions, solfataric fields, soda lakes, and
abyssal hypothermal vents.

MICROORGANISMS LIVING AT EXTREME PH

Acidophiles

Solfataric fields are the most common biotopes
for microorganisms that prefer to live at high temper-
ature and acidic conditions. Solfataric soils consist of
two layers with distinguished features. The upper
layer is aerobic and has an ochre color that is due to
the presence of ferric iron, and the lower layer is
anaerobic and appears rather blackish-blue due to the
presence of ferrous iron. The chemical composition of
the two layers determines the variety of microorgan-
isms that dominate in this environment.

Thermophilic acidophiles belonging to the gen-
era Sulfolobus, Acidianus, Thermoplasma, and Pi-
crophilus, with growth optima between 60 and 90°C
and a pH of 0.7 to 5.0, are usually found in the aero-
bic upper layer of solfataric fields. These microorgan-
isms maintain their intracellular pH between 4 and
6.5. On the other hand, slightly acidophilic or neu-
trophilic anaerobes such as Thermoproteus tenax or
Methanothermus fervidus have been isolated from
the lower layer of solfataric fields. Thermoplasma
spp. (growth optima, pH 2 and 60°C) have been
found in hot springs, solfataras, and coal refuse piles
(Horikoshi and Grant, 1998). While their phyloge-
netic relatives Picrophilus spp. have been found in
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solfataras and are so far the most extreme acidophiles
because they grow at a pH close to 0, P. oshimae and
P. torridus are both aerobic, heterotrophic Archaea
that grow optimally at 60°C and pH 0.7 and utilize
. various bxopolymers such as starch and protems as
carbon sources. T T
Members of the genus. Sulfolobus are ‘strict
aerobes growing either autotrophically, heterotroph-
ically, . or:'facultative heterotrophically. During
autotrophic growth, $°, $*~, and H, are oxidized to
sulfuric acid or water as end products.’ Sulfolobus
metallicus and S. brierley are able to grow by oxida-
tion of sulfidic ores. A dense biofilm of these mi-
croorganisms is responsible for the microbial ore
leaching process, in which heavy metal ions such as
" Fe?*, Zn**, and Cu®* are solubilized. Several hyper-

genera Metallosphaera (growth range, 50 to 80°C,
"pH 1 to 4.5), Acidianus (growth range, 60 to 95°C,

pH 1.5 to 5), and Stygioglobus (growth range, 57 to

89°C, pH 1 to S.5) (Stetter, 1996) and to Thiobacil-

lus caldus (Tmax, 55°C), isolated by Hallberg and
" Lindstréom (1994).

Alkaliphiles

Alkaliphiles, which grow at high pH values, are

“widely distributed throughout the world and require

alkaline environments and sodium ions for growth.
- They have been found in carbonate-rich springs and
alkaline soils, where the pH is usually 10.0 or higher,
whereas their intracellular pH is maintained around
8.0. In these places, several species of cyanobacteria
and Bacillus are normally abundant and provide or-
ganic matter for diverse groups of heterotrophs.
- Sodium ion-dependent uptake of nutrients has been
reported in alkaliphiles. Many alkaliphiles require
various nutrients for growth. A few alkaliphilic Bacil-
lus strains can grow in simple minimal media con-
taining glycerol, glutamic acid, and citric acid
(Horikoshi and Grant, 1998). In general, the cultiva-
tion temperature is in the range of 20 to 55°C.

- Haloalkaliphiles are microorganisms that have
- been isolated from alkaline hypersaline lakes and can
row in alkaline media containing 20% NaCl. A typ-
.ical habitat where alkaliphilic microorganisms can be
-1solated is the soda lakes in the Rift Valley of Kenya.
imilar lakes have been found in a few other places on
riv.Larth that are highly alkaline with pH values between
%411.0 and 12.0.
~ Two thermoalkaliphilic bacteria, Anaerobranca
ottschalkii and Anaerobranca horikoshii, have been
SOlated from Lake Bogoria in Kenya and from Yel-
0Wstone National Park, respectively. The new iso-
ates represent a new line within the Clostridium/

thermophlhc acidophiles have been assigned to the -

Table 1. Microorganisms living at extreme pHs

Optimal growth

Microorganisms
) °C pH
Acidophilic microorganisms
Sdrcina ventrzcuh : 37 4.0
' Thtobaczllus ferrooxtdans ’ . 37 25,
-+ Alicyclobacillus aadocaldanus oSS 2.0-6.0
~ Picrophilus oshimae - : - 60 0.7
Picrophilus torridus - - Lo 60 07
Thermoplasma acidophilum . 60 2.0

. Sulfolobus acidocaldarius 75 2.5

Acidianus infernus . _ 75 2.0
Alkaliphilic mlcroorganisms :

* Many cyanobacteria 25-37) 6.0-8.0
Spirulina spp. - v 8.0-10.0
.Chromatium sp. : 8.5
Bacillus spp. . - . _ 11.5
Anaerobranca gottschalku ' ! 5s 9.5
Thermococcus alcaltphtlus -85 B 9.0

Thermococcus acidoaminivorans * - "85 9.0

Bacillus subphylum (Prowe and Antranikian, 2001;

Wiegel, 1998). The two archaeal thermoalkaliphiles

identified to date-are Thermococcus alcaliphilus and
Thermococcus acidoaminivorans, both growing at
85°C and with a pH of 9.0. Table 1 summarizes the
most studied acidophilic and alkaliphilic microor-
ganisms.

MICROORGANISMS GROWING AROUND THE
FREEZING POINT OF WATER

Many parts of the world rarely reach tempera-
tures above 5°C, and numerous bacteria, yeast, uni-
cellular algae, and fungi have successfully colonized
cold environments (see chapter 13). These psy-
chrophilic microorganisms are able to grow at tem-
peratures around 0°C and have developed adaptation
mechanisms at various levels (enzymes, membranes,
etc.). Most of the cold-adapted microorganisms have
been isolated and characterized from the Arctic and
Antarctic seawaters. It is noteworthy that, despite the
harsh conditions, the density of bacterial cells in the
Antarctic oceans is as high as the regular density in
temperate waters (Deming, 2002; Russel and
Hamamoto, 1998).

The microorganisms that are able to grow at or
close to the freezing point of water can be divided
into two main groups: psychrophiles and psychrotol-
erants.

Psychrophilic microorganisms are defined by an
optimum temperature for growth at about 15°C, a
maximum growth temperature at about 20°C, and a
minimum temperature for growth at 0°C or lower.
Psychrophiles can be found in permanently cold envi-
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ronments such as the deep sea, glaciers, mountain re-

gions, or soils, and in fresh or saline waters associated
with cold-blooded animals such as fish or crus-
taceans. Psychrotolerant microorganisms generally
do not grow at 0°C and have optimum and maximum
growth temperatures above 20°C {Morita, 1975). In
general, psychrophiles have significantly narrower
growth temperature ranges and lower optimum or
maximum growth temperatures compared with psy-
chrotolerant microorganisms.

Because psychrotolerant microorganisms are
able to grow above 20°C, they could be pathogenic
for humans and animals. A notable example is Liste-
ria monocytogenes, which has a broad growth
temperature between 0 and 40°C. Several other psy-
chrophilic microorganisms are pathogenic, such as
Yersinia enterocolitica and Frwinia spp. Several
food-spoilage psychrotolerant bacteria have been
identified, including Brochothrix thermosphacta,
Pseudomonas fragi, Bacillus cereus, and Clostridium
botulinum. Table 2 lists a few selected psychrophilic
microorganisms.

The current studies on psychrophilic microor-
ganisms are not so extensive compared with the other
extremophiles. The biotechnological potential of psy-
chrophiles has not fully emerged, and it is necessary
to stress efforts to this area in order to fill this gap.

A systematic investigation has been undertaken to
describe the microbial diversity and to quantify the mi-
croorganism in cold environments. Most of the stud-

ies, based on molecular biology techniques, have been

concentrated on benthic communities while the sea-ice
ecosystems have been relatively neglected (but see
chapter 13). Bowman and Bowman (2001) have in-
vestigated bacterial diversity in sea ice using direct

cloning of 165 tDNA sequences amplified from sea-ice .

DNA. Most of the bacteria identified were classified in
four phylogenetic groups: Alphaproteobacteria, Be-
taproteobacteria, Gamh;aproteobac_ter{q, and the Cy-

. Table 2. Microorganisms growing at low temperature

Microorganisms

Optimal growth(°C)

Vibriosp. . . ..va il o TeelinI<20
Miciococeus criophilus. .. ...... ... S <20
Arthrobacter glacialis . . . . . . e <20
Vibrio psychroerythreus ... ... ... .. .. . .. .. <20
_arnbbact_ef{um ) <20
Antarctic strain TABS. . . ... e <20
Alteromonas haloplanctis A23 .. ... ... .. .. P <20
Moritella marina. .. . ... .., e, e <20
Psychrobacter sp. TA137 .. ... ... . ... ... . ... <20
Bacillus psychrosaccharolyticus . . ... ... ... e <20
Moraxella sp. TA144 ... .. ... .., e <20’
Psychrobacter immobilis B10 . ... ... ... . . 220

Aquaspirillum arcticum ..., .50 Uil <20

tophaga-Flavobacterium-Bacteroides division, as were
supported by cultivation data, Many clones detected in
these groups demonstrated high similarity to cultured
strains isolated from Arctic or Antarctic sea ice or from
other polar habitats. Surprisingly, no Archaea were de-
tected using the universal archaeal-specific primers in
any of the investigated sea-ice samples.

At the biochemical level, a systematic investiga-
tion has been carried out in order to understand the
rules governing the molecular mechanisms for adap-
tation to low temperatures. These fundamental
aspects are closely associated with a strong biotechno-
logical interest aimed at the exploitation of these mi-
croorganisms and their cell components such as mem-
branes, polysaccharides, and enzymes (Russell, 2000).

MICROORGANISMS GROWING AROUND THE
BOILING POINT OF WATER

Hyperthermophilic microorganisms are adapted
to grow optimally at high temperatures (60 to 108°C)
and have been isolated from their most common
biotopes, i.e., volcanic and hydrothermal vent sys-
tems, solfataric fields, neutral hot springs, and sub-
marine hot vents. The most interesting are submarine
hydrothermal systems that are situated in shallow -
and abyssal depths. They consist of hot fumaroles,
springs, sediments, and deep-sea vents with tempera-
tures up to 400°C (“black smokers”) (Stetter, 1996).
Shallow marine hydrothermal systems have been
detected at the beaches of Vulcano, Naples, and Is-
chia (Italy); Sao Miguel (Azores); and Dijibouti
(Africa). The best-studied deep-sea hydrothermal sys-
tems are (i) the Guaymas Basin (depth, 1,500 m) and
the East Pacific Rise (depth, 2,500 m), both off the
cois"t of Mexico; (i) the Mid-Atlantic Ridge (depth,
3,700 'm); and (c) the Okinawa Trough (depth,
1,400 m) (Grote et al., 1999; Jeanthon et al., 1999,
1998; Gonzéles et al., 1998; Canganella et al., 1998).

'_mThef genera Pyrococcus, Pyrodictium, Igneococ-
cus, Thermococcus, Methanococcus, Archaeoglobus,
and Therimotoga are the major members of the shal-
low as well as deep-sea hydrqthermal systems (Jean-

thon’et- al.,. 1998). So far, members of the genus

Methanopyrus have been fo_uﬁd ‘only at greater
depths, whereas Aquifex was isolated exclusively

. from shallow hydfbthermal vents (Stetter, 1998). Re-

cently, interesting biotopes of extreme and hyperther-
mophiles were discovered in deep, geothermally
heated oil reservoirs around 3,500 m below the bed
of the North Sea and the permafrost soil of north
Alaska (Lien et al., 1998; Stetter et al., 1983).
Moderate thermophiles are microorganisms that

are capable of growing optimally at temperatures
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between 50 and 60°C. Most of these microorganisms
belong to many different taxonomic groups of
eukaryotic and prokaryotic microorganisms such as
protozoa, fungi, algae, streptomycetes, and cyanobac-
teria, which comprise mainly mesophilic species. It
can be assumed that moderate thermophiles, which
are closely related phylogenetically to mesophilic”
organisms, may be secondarily adapted to life in hot
environments. Extreme thermophiles, which grow op-
timally between 60 and 80°C, are widely distributed
among the genera Bacillus, Clostridium, Ther-
moanaerobacter, Thermus, Fervidobacterium, and
Thermotoga.

Hyperthermophiles are represented among all the
deepest and shortest lineages, including the genera
Aquifex and Thermotoga within the Bacteria and
Pyrodictium, Pyrobaculum, Thermoproteus, Desul-
furococcus, Sulfolobus, Methanopyrus, Pyrococcus,
Thermococcus, Methanococcus, and Archaecoglobus
within the Archaea. Interestingly, the majority of the
hyperthermophiles isolated to date belong to the ar-
chaeal domain of life, and no eukaryotic organism has
been found that can grow at the boiling point of water.

The relative abundance of Archaea and Bacteria
in high-temperature environments was, until recently,
mainly studied by cultivation-based techniques. Be-
cause of the frequent isolation of Archaea from these
habitats, it was assumed that Archaea dominate the
high-temperature biotopes (Baross and Deming,
1995; Stetter et al., 1990). Recently, the application of
molecular biological methods revealed a quite differ-
ent picture. Slot-blot hybridizations of rRNA utilizing
oligonucleotide probes targeting the 165 rRNA of Ar-
chaea and Bacteria revealed that bacteria seem to be
the major population of the microbial community
along a thermal gradient at a shallow submarine hy-
drothermal vent near Milos Island, Greece (Sievert et
al., 2000). Bacteria made up at least 78% (mean,
95%) of the prokaryotic rRNA. Along the steepest
temperature gradient, the proportion of archaeal
rRNA increased. Nevertheless, even in the hottest sed-
iment layer, archaeal rRNA made up only around
12% of the prokaryotic rRNA. These results suggest
‘that archaea may generally be of lower abundance in
hot environments than could be assumed from culti-
vation-based experiments. However, the factors that
allow bacteria to dominate in high-temperature habi-
tats, that were once believed to be the territory of ar-
chaea, remain unknown. Most of these microorgan-
isms that can be found in low-salinity and submarine
environments are strict anaerobes. Terrestrial solfa-
taric fields found in Italy or Iceland harbor members
of the genera Pyrobaculum, Thermoproteus, Ther-
mofilum, Desulfurococcus, and Methanothermius.
Pyrobaculum islandicum and Thermoproteus tenax

are able to grow chemolithoautotrophically, gaining
energy by anaerobic reduction of $° by H,. In contrast
to these strictly anaerobic microorganisms, Pyrobacu-
lum aerophilum and Aeropyrum pernix are able to
use oxygen as a final electron acceptor. Methanother-
mus fervidus, on the other hand, is highly sensitive
toward oxygen and can survive only in low-redox en-
vironments at temperatures between 65 and 97°C.
Some microorganisms from marine environments
such as members of the genera Archaeoglobus,
Methanococcus, and Methanopyrus are able to grow
chemolithoautotrophically, gaining energy by the re-
duction of SO~ by H, (Archaeoglobus lithothrophi-
cus and A. fulgidus) or by the reduction of CO; by H,
(Methanococcus jannaschii, Methanopyrus kandleri).
Other members of the hyperthermophilic genera
Staphylothermus, Pyrococcus, Thermococcus, and
Pyrodictium are adapted to marine environments
{NaCl concentration of about 30 g/liter). Most of
them gain energy by fesmentation of polysaccharides,
peptides, amino acids, and sugars (Stetter, 1996).
Consequently, such thermophilic microorganisms
have been found to be producers of interesting poly-
mer-degrading enzymes of industrial relevance
(Niehaus et al., 1999; Vorgias et al., 2000).

Among the bacterial domain of life, members of
the genera Aquifex and Thermotoga represent the
deepest phylogenetic branches. Within the latter
genus, Thermotoga maritima and T. neapolitana are
the most thermophilic species with a maximal growth
temperature of about 90°C. The representatives of
the order of Thermotogales also provide a resource of
unique thermoactive enzymes. Some representative
microorganisms living at high temperature are pre-
sented in Table 3.

Table 3. Microorganisms growing at elevated temperatures

Microorganisms Optimal growth (°C)

Moderate thermophiles (50-60°C)

Bacillus acidocaldarius ... ... e 50
Bacillus stearothermophilus .. ... ... ... .. ... 55
Extreme thermophiles (60-80"C)
Thermus aquaticus . ... ..o ... 70
Thermoanaerobacter ethanolicus .............. 65
Clostridiun thermusulfurogenes .. ............. 60
Fervidobacterium pennivorans ................ 75
Hyperthermophiles (80-110°C)
Thermotoga maritima .. ........... oo 90
Aquifex pyrophilus ... ... .o o o 85
Archeoglobus fulgidus .. ... ... ... o L. 83
Methanopyrus kandleri .. .. ... ... ... ... 88
Sulfolobus sulfataricus . ... ... .. ... ... ... 88
Thermococcus Aggregans . .......ouvueeeeon. 88
Pyrobaculum islandicum ... .. ... ... SN 100
Pyrococcus furiosus ... . 100
Pyrodictium occultim ... ... . 0 o L. 105
Pyrolobus fumarii ... ... .. . . 0 . 106
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MICROORGANISMS GROWING AT
EXTREME SALINITY

Halophiles are Bacteria and Archaea that grow
optimally at NaCl concentrations above the average
concentration of seawater (>0.6 M NaCl). Generally,
halophilic microorganisms are classified as moderate
halophiles for those that can grow at salt concentra-
tions between 0.4 and 3.5 M NaCl and as extreme
halophiles for those that require NaCl concentrations
above 2 M for growth (Grantetal., 1998). Halophiles
have been mainly isolated from saline lakes, such as
the Great Salt Lake in Utah (salinity, >2.6 M) and
from evaporitic lagoons and coastal salterns with
NaCl concentrations between 1 and 2.6 M (Grant
et al., 1998). Saline soils are less well explored. Bulk
salinity measurements of 1.7 to 3.4 M NaCl have been
reported for saltern soils (Ventosa and Bieto, 1995).
Saline soils constitute less-stable biotopes than hyper-
saline waters because they are subjected to periodic
significant dilution during rainy periods. There is no
doubt that almost all hypersaline habitats harbor sig-
nificant populations of specifically adapted microor-
ganisms. However, it remains unclear what substrates
might be available for growth in these biotopes. Hy-
persaline lakes often contain up to 1 g of dissolved or-
ganic carbon per liter. In many of these lakes, primary
producers such as cyanobacteria, anoxygenic pho-
totrophic bacteria, and algae may be the main sources
of organic compounds (Grant et al., 1998; Jones et al.,
1998; Kamekura, 1998).

In a study of aerobic heterotrophs in a marine
saltern it has been shown that bacterial halophiles
were predominant up to 2 M NaCl. Above this con-
centration, archaeal halophiles become predominant,
almost to the exclusion of Bacteria. Halophilic pri-
mary producers mainly belong to the cyanobacteria
and anoxygenic phototrophic sulfurbacteria. The for-
mer often thrive in eutrophic salterns, forming large
floating mats. The latter group, on the other hand,
grows either in anaerobic sediments or in the water
column where they are responsible for the character-
istic red color of high-salinity habitats. The range of

heterotrophic Bacteria comprises proteobacteria,
actinomycetes, and gram-positive rods and cocci. Fer-
mentative anaerobes as well as sulfur oxidizers, sul-
fate reducers, and nitrate reducers are also present
and give rise to the assumption that all kind of
metabolic features can be found in high-salinity envi-
ronments. Halophilic bacteria do not belong to one
homogeneous group but rather fall into many bacte-
rial taxa in which the capability to grow at high salt
concentrations is a secondary adaptation.

The term “halobacteria” refers to the red-
pigmented, extremely halophilic Archaea, members
of the family Halobacteriaceae and the only family in
the order Halobacteriales (Ventosa and Bieto, 1995).
Most halobacteria require 1.5 M NaCl in order to
grow and to retain the structural integrity of the cell.
Halobacteria can be distinguished from halophilic
bacteria by their archaeal characteristics, in particu-
lar the presence of ether-linked lipids (Ross et al.,
1981). Most halobacteria are colored red or orange
due to the presence of carotenoids, but some species
are colorless, and those with gas vesicles form
opaque, white, or pink colonies. A purple hue can be
seen in halobacteria that form the bacteriorhodopsin-
containing purple membrane (Grant et al., 1998).
Halobacteria are the most halophilic organisms
known so far and form the dominant microbial pop-
ulation when hypersaline waters approach saturation
(Ventosa et al., 1998). Interestingly, the reddening
caused by halobacterial blooms has an impact on the
evaporation rates in salterns. It is known that the
carotenoid pigments of halobacteria trap solar radia-
tion, thus increasing the ambient temperature and
evaporation rates (Madigan and Oren, 1999). Some
representative microorganisms living at high salt con-
centration are listed in Table 4.

The singular physiology of halophilic microor-
ganisms that have to cope with 4 M jon concentra-
tion inside and outside the cell has evolved poten-
tially interesting enzymes that can function under
conditions of low-water activity that could be im-
posed by compounds other than salts, for example,
solvents. Interestingly, halophilic and marine halo-

Table 4. Microorganisms living at high salt concentrations

Halophilic microorganisms

NaCl concentration (M) required for growth

Maximum Minimum Optimum
Dunaliella spp. 0.3 5.0
Clostridium balophilum 0.15 0.6 6.0
Haloanaerobium praevalens 0.8 2.2 4.3
Halobacterium sp. 2.0 5.5
Halobacterium denitrificans 1.5 2.5 4.3
Haloferax vulcanii 1.0 1.5 3.0
Methanohalobium evestigatum 4.3
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tolerant bacteria produce and/or accumulate organic

osmolytes (compatible solutes, e.g., ectoin, hydrox-
yectoin, trehalose) for osmotic equilibrium. These
metabolically compatible hygroscopic compounds
not only protect living cells in a low-water environ-
ment but also exhibit an enzyme-stabilizing effect in

_vitro against a variety of stress factors such as heat-

ing, freezing, urea, and other denaturants (Margesin
and Schinner, 2001).

BIOCATALYSIS UNDER
EXTREME CONDITIONS

Extremophiles in general have been considered
as a group of microorganisms with biotechnological
potential. It is clear that hyperthermophiles represent
a huge, almost unexplored potential for novel appli-
cations in modern biotechnology. Applications of hy-
perthermophiles in biotechnology are in an early
phase of growth. At present there are several known
examples but these represent only a small portion of
the real potential of extremophilic biomolecules (Her-
bert, 1992). A breakthrough in applications of hyper-
thermophilic enzymes occurred in the late 1980s with
the application of heat-stable DNA polymerase for
DNA amplification by PCR. This was a milestone in
the field of basic and applied biological research (Frey
and Suppmann, 1995). Several thermophilic hydro-
lases, such as proteases, lipases, amylases, and
xylanases, have the potential to be incorporated in
existing industrial processes toward a more econom-
ical and environmentally friendly procedure (Sunna
etal., 1997).

Several enzymes from hyperthermophiles have
been purified and characterized (Niehaus et al., 1999;
Vorgias et al., 2000). As a general rule, they show an
extraordinary heat stability even in vitro. Pyrococcus
woesei harbors an amylase that is active even at
130°C for more than 30 min (Koch et al., 1991).
Within the bacterial domain, Thermotoga maritima
MSB8 possesses an extremely heat-resistant, mem-
brane-associated xylanase that is optimally active at
105°C (Winterhalter and Liebl, 1995). Even complex
enzymes such as DNA-dependent RNA polymerases
or glutamate dehydrogenases show a remarkable heat
stability.

Because extremophilic microorganisms are able
to survive under unusual conditions, it is clear that
they have to develop strategies to withstand these
conditions. For the case of the extreme thermophilic
organisms, the cell components have to be either
intrinsically heat resistant or stabilized by other com-
ponents within the cells. The molecular basis of ther-
mostability is a very exciting and difficult issue and is

still under intensive investigation (Ladenstein and
Antranikian, 1998; Stetter, 1998; Vetriani et al.,
1998). Up to now a solid mechanistic basis for ther-
mostabilization has been achieved, and one is able to
understand but not yet predict thermostabilization
mechanisms. The basic principles of heat stabilization
of several thermostable enzymes have been estab-
lished, and it has become clear that each protein has
found its own strategy for stabilization through the
evolution (Jaenicke and Bohm, 1998).

The best known example of a biotechnological
product derived from the studies on halophiles is the
small molecules known as compatible solutes.
Halophilic and/or halotolerant bacteria produce,
among others, the ectoine-type osmolytes (2-methyl-
1,4,5,6-tetrahydropyrimidine derivatives) that repre-
sent the most abundant class of stabilizing solutes (De
Costa et al., 1998). The extrinsic stabilization effect
of ectoines and other compatible solutes is most likely
based on solvent-modulating properties of these com-
pounds. Osmolytes have considerable potential as ef-
fective stabilizers for the hydration shell of proteins
and hence could be highly efficient against stress con-
ditions for biomolecules and therefore stabilizers that
might be suitable for sensitive vaccines or industrial
enzymes functioning under extreme conditions
(Galinski, 1993). Recently, it has been shown that
several hyperthermophilic microorganisms are also
able to produce a variety of compatible solutes that
were found to be effective in enzyme stabilization (De
Costa et al., 1998). Because halophiles can work at
high salt concentrations (up to 4 M), their enzymes
might be capable of working under low-water condi-
tions and open the possibility to function in non-
aquatic solvents. Although there is considerable
interest in halophiles, to date they have little impact
in the commercial field.

The main industrial application of alkaliphilic
enzymes is in the detergent industry, which accounts
for nearly 30% of the total worldwide enzyme pro-
duction. Alkaline enzymes have been used in the hide-
dehairing process that is usually carried out at a pH
between 8 and 10. Several other alkaliphilic hydro-
lases such as amylases, xylanases, pullulanases, and
cyclomaltodextrin glucanotransferases (CGTases)
have been isolated and are under intensive investiga-
tion for their potential industrial application
(Horikoshi and Grant, 1998).

The possible applications of cold-active enzymes
are as detergents for cold washing (proteases, lipases,
cellulases) and food additives such as polyunsatu-
rated flavor-modifying agents. In the dairy industry,
B-galactosidase is applied to reduce the amount of
lactose in milk, which is responsible for lactose intol-
erance in approximately two-thirds of the world’s
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population. The clarification of fruit juices is
achieved by the addition of cold-active pectinases.
Further applications of cold-active enzymes are found
in food processing such as cheese manufacturing; ten-
derizing meat by proteases; and improving the baking
process by the addition of amylases, proteases, and
xylanases. Cold-active enzymes are also used in
biosensors for environmental applications and for
cleaning contact lenses (Russell and Hamamoto,
1998). :

Some of the advantages of using psychrophiles
and their enzymes in biotechnological applications
are the rapid termination of the process by moderate
heat treatment, higher yields of thermosensitive com-
ponents, modulation of the (stereo-) specificity of en-
zyme-catalyzed reactions, cost saving by elimination
of expensive heating and cooling process steps, and fi-
nally the capacity for online monitoring under envi-
ronmental conditions (Gerday et al., 2000; Feller
et al., 1996).
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