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FIG. 17. Electron micrographs of Sarcina ventriculi in thin sec-
tion. (A) Cells in various stages of forespore (FS) development, with
storage bodies. (B) Mature spore within the sporangium. The
exosporium (EX) surrounds the spore coat (SC), which encloses the
cortex (CX) and the cell wall (CW). Scale bar, 0.5 ,um. Reprinted
from reference 266 with permission.

in levels of key enzymes involved in end product formation,
alteration in carbon and electron flow appears to be regu-
lated by protein synthesis rather than enzyme activity.
Studies to demonstrate that changes in enzyme activity are
reflected by comparable changes in the amount of corre-
sponding mRNA will provide conclusive evidence that these
organisms are able to adapt to changing conditions of envi-
ronmental pH by regulation of gene expression. The types of
changes made by anaerobes in response to altered environ-
mental pH can be related to adaptation of their existing
metabolism rather than to the induction of systems designed

to protect the organism against stress conditions, which
appears to be the approach used by aerobic organisms.

Biotechnological Features

Overview. Organic acids are used in large volume by both
the food and chemical industries. Currently, citric acid,
gluconic acid, and itaconic acid are produced by fermenta-
tion. However, other organic acids such as acetic, propionic,
butyric, fumaric, succinic, maleic, and lactic acids can also
be produced from biomass, wood hydrolysate, starch, mo-
lasses, etc., by fermentation technology.
Acidogenic fermentation of carbohydrates to volatile or-

ganic acids is well known (488). In general, anaerobic
bacterial fermentations are of interest to developing biotech-
nology because of the wide range of products formed and
substrates fermented, the high substrate-to-product conver-
sion yields and rates, and the potential for enhanced process
stability and product recovery as a result of the physiological
diversity of anaerobes.

Higher-value organic acids. The key nonvolatile organic
acids that have large economic potential for value-added
products are lactic acid and C4 dicarboxylic acids. Lactic
acid fermentation has been known for over 100 years, and
lactic acid has a long history of use in the food industry. It
has flavoring and preservation properties and is used as an
acidulant, particularly in dairy products, confectionery, bev-
erages, pickles, bread, and meat products. Potassium lactate
is becoming increasingly important as a replacement for
sodium chloride in low-salt or salt-free food products. Lactic
acid is also used in the pharmaceutical and cosmetic indus-
tries. The cyclic dimers of lactic acid are used in the
synthesis of adsorbable surgical sutures and slow-release
drugs. Crude grades of lactic acid are used for the deliming
of hides in the leather industry. Calcium lactate is used in
powder form as an animal and poultry feed supplement.
Also, various derivatives of lactic acid are used in the
production of plastics (188).
Homofermentative lactic acid bacteria produce predomi-

nantly only lactate with trace or no other end products.
Some of the common lactic acid bacteria include Lactoba-
cillus casei, Lactobacillus pentosus, Lactobacillus leich-
mannfi, Lactobacillus acidophilus, Lactobacillus del-
brueckii, Lactobacillus bulgaricus, Streptococcus cremonis,
Streptococcus lactis, Streptococcus diacetylactis, Sporolac-
tobacillus sp., and Pediococcus sp. Fermentation lactic acid
has a worldwide market size of only 50 million to 60 million
lb (23 million to 27 million kg), even though large-volume
chemicals can be produced from lactic acid (255).

Succinic acid is a specialty chemical with numerous
current and potential uses in the textile, plastic and resin,
detergent, and food industries. Although it is currently
produced by hydrogenation of maleic anhydride, it can be
produced by fermentation at a very competitive price. Suc-
cinic salts may also be used as additives to animal feed for
ruminants and monogastrics such as pigs. Because of its
simple structure as a linear saturated dicarboxylic acid,
succinic acid can be used as an intermediate to produce
many aliphatic chemicals, and carboxylic acids and esters
are versatile reactants used in the manufacture of automo-
biles, plastics, electronics, paper, textile, furniture, and
paint (188).

Acetone-butanol-ethanol fermentation. Until World War I,
all acetone produced in the United States was obtained by
the dry distillation of calcium acetate from the pyrolignous
acid fraction of wood distillates. During the war there were
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FIG. 18. South Arm of Great Salt Lake, Utah. A salt crust is present just below the water surface, and an oil-drilling platform is in the
background. Because of the high growth and sedimentation of halophilic phototrophs in the water column, the salt-saturated sediments
contain very large amounts of organic matter and large numbers of haloanaerobic bacteria.

great shortages of acetone in the manufacture of munitions,
and at that time Wiezmann developed a process involving
the fermentation of starch grains by Clostridium acetobutyli-
cum. This fermentation gave approximately 2 parts butanol
to 1 part acetone and 1 part ethanol. A market for butanol
arose from the development of fast-drying nitrocellulose
lacquers for the automotive industry, and butanol became
the more important product. New cultures using molasses
gave more desirable butanol-to-acetone ratios of 3:1. During
the 1940s and 1950s the petrochemical routes replaced the
process fermentative routes in the United States and Eu-
rope. Recently South Africa has stopped using fermentation,
and China is the only current user of the fermentation
technology.
New high-technology improvements have been achieved

so that fermentation-derived butanol can compete with the
current cost of chemical-derived butanol. Development of
solvent-tolerant asporogenous strains and the use of meta-
bolic controls in continuous multistage fermentations al-
lowed for higher butanol concentrations and chemical yields
from glucose. Development of more energy-efficient product
separations by modifications in distillation technology has
lowered the cost of end product recovery (492).
Fermented foods. Acid-tolerant bacteria are used in a

number of foods. German bakeries use souring bacteria
including Lactobacillus brevis, Lactobacillus fermentans,
Lactobacillus plantarum, and Lactobacillus casei to obtain
the flavor of sour rye bread (333). The dough for rye bread is
fermented to form lactic and acetic acid in a ratio of 4:1 for
optimum flavor. Growth of the organisms accelerates until
the dough pH is near 4.0, and then both populations become
stationary while the pH drops further.

HALOPHILES

Ecology, Diversity, and Taxonomy
Overview. Halophiles include prokaryotic bacteria and

eukaryotic algae which have adapted to live in environments
with salt concentrations above those found in seawater.

Halophilic bacteria fall into either the group called moderate
halophiles, which include organisms growing in sodium
chloride concentrations ranging from 2 to about 20% (0.3 to
3.4 M), or extreme halophiles, requiring at least 15% (2.6 M)
sodium chloride for growth (236). Although the ecology and
physiology of the aerobic population of hypersaline habitats
have been studied, relatively little is known about the role of
anaerobic organisms in such environments.

Ecology and diversity. The ecology of the anoxic zone of
the Great Salt Lake has been studied from samples taken
from the South Arm with a salinity greater than 20% (Fig.
18). Degradation of organic matter in the sediment was
attributed to bacterial action, by the enumeration of various
trophic groups. From the sediments, enrichment cultures
with medium containing 15% salt yielded hydrolytic bacteria
and a lactate-metabolizing, sulfate-reducing population, but
the methanogenic population consuming methanol and H2-
CO2 was present at only low levels (489). The small numbers
of methanogens in the Great Salt Lake are probably due to
utilization of H2-CO2 and acetate by sulfate reducers, leav-
ing methylamine or methanol to be utilized by the methano-
gens, as these compounds were demonstrated to be metha-
nogenic precursors in situ (489). These findings suggest that
the ecological niche for the methanogens in salt environ-
ments is different from their role in nonhalophilic ecosys-
tems. Rather than utilizing the terminal fermentation prod-
ucts of many anaerobic bacteria, including acetate, H2-CO2,
and formate, these organisms utilize methanol and methyl-
amines.
Methane formation has been found in other hypersaline

environments with salt concentrations of around 2.0 M (208).
Several strains of methanogenic bacteria were isolated from
lagoons in Crimea that ranged in salinity from 2.2 to 30%,
with some strains growing at 25% salt (512). It was from this
location that the first extremely halophilic methanogen,
Methanohalobium evestigatum (514), was isolated. In these
hypersaline environments, methylamines were the methano-
genic precursors, and acetate, H2-CO2, and formate were
not utilized (208, 512). Also isolated from cyanobacterial
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mats present in this environment were several extremely
halophilic methanogens, and an acetogen Acetohalobium
arabaticum (515). It is proposed that in this ecological niche,
betaine produced as an osmoregulant by aerobic halophilic
eubacteria is consumed byAcetohalobium arabaticum, pro-
ducing acetate and mono-, di-, and trimethylamines, which
form the substrates for Methanohalophilus and Methano-
halobium species, leading to methane formation (515).

Biological sulfate reduction is active in surface sediments
in the Great Salt Lake, and enrichment cultures of sulfate
reducers in hypersaline lactate medium contained both
sporeforming rods and short motile rods (489). Other hyper-
saline environments have been reported as ecosystems for
sulfate reduction, including the Dead Sea and salterns (318,
321). Although sulfate reduction in such ecosystems occurs,
until recently the organisms participating in these reactions
had not been isolated in pure culture, and so nothing was
known of their physiology and biochemistry. Desulfohalo-
bium retbaense is a moderately halophilic sulfate-reducing
bacterium and was isolated from Retba Lake, a pink hyper-
saline lake in Senegal. The organism grows optimally in 1.8
M NaCl, but in the hypersaline lake, which has a salt
concentration of 5.8 M, the organism would be existing
under salt concentrations which are inhibitory for growth
(314). Another moderately halophilic sulfate-reducing bacte-
rium, Desulfovibrio halophilus, was isolated from a micro-
bial mat of Solar Lake, Sinai (75). The organism grows in a
salinity range of 3 to 18% NaCl, with optimum growth
occurring at 6 to 7% NaCl. Desulfovibrio halophilus is found
in stagnant anoxic mud and sediments in hypersaline envi-
ronments such as evaporitic lagoons and coastal salterns at
salt concentrations of about 6 to 20% (75). Therefore, the salt
concentrations enabling the growth of this organism presum-
ably mean that the organism is metabolically active in these
habitats.
A number of halophilic, anaerobic eubacteria have been

isolated and studied, although to a much lesser extent than
their aerobic counterparts. Haloanaerobiumpraevalens was
isolated from surface sediment (10 m) from the Great Salt
Lake at a site where the salinity of the overlying water is
more than 20%; it grows optimally at 13% salt (2.2 M) (498).
Oren et al. isolated a number of moderately halophilic
anaerobes including Sporohalobacter lortetii (formerly Clos-
tridium lortetii), growing optimally at 1.4 to 1.5 M NaCl
(317), and Halobacteroides halobius, growing optimally at
1.5 to 2.5 M NaCl (325), from sediments from the Dead Sea,
and Sporohalobacter marismortui, growing optimally in 0.5
to 2.0 M NaCl (324), from anaerobic black sediments of a salt
flat on the shore of the Dead Sea. Another eubacterium,
Halobacteroides acetoethylicus was isolated from deep-
subsurface brine waters (1,600 ft [488 m]) associated with
injection water filters on offshore oil rigs in the Gulf of
Mexico; it grows optimally in 1.7 M NaCl (345). The
moderate halophile Clostridium halophilium, requiring 1.0 M
NaCl for optimum growth, was isolated from anoxic mud
sediments of hypersaline environments of the Maldive Is-
lands and Solar Lake, Egypt, as well as marine sediments of
the North Sea, Germany (126).

Recently, four chemoorganotrophic halophiles were iso-
lated from the hypersaline surface sediments from the evap-
orating closed lagoon at the rim of Salton Sea, Calif., and
from Big Soda Lake, Nev. Interestingly, although these
organisms are obligately anaerobic, they were isolated from
the aerobic zone of the ecosystem. All of the isolates were
gram-negative, motile, nonsporeforming, moderately halo-
philic eubacteria and required a minimum concentration of 3

to 10% NaCl for growth. Three of the strains grew optimally
in salt concentrations between 5 and 10%, and the other
strain grew between 12 and 20% salt (387).
Many of the hyperthermophiles have been isolated from

marine environments and have a requirement for salt; how-
ever, because of the low concentration needed (1.5 to 3.8%),
these organisms cannot be considered true moderate halo-
philes, with the possible exception of Thermococcus litora-
lis, which grows in 6.5% NaCl (305).
The moderate halophiles Methanolobus tindarius (220)

and Methanococcoides methylutens (394) have been isolated
from a number of different hypersaline environments and
have optimum growth at 0.49 and 0.4 M salt, respectively.
Methanogenium cariaci was isolated from sediment col-
lected from the Cariaco Trench and grows optimally in 0.46
M salt (351). Methanohalophilus zhilinae has an optimum
salt requirement for growth of 0.7 M (276). Methanococcus
halophilus was isolated from mats of cyanobacteria found
between modem stromatolites in Shark Bay, Australia, and
required 1.2 M NaCl for optimum growth (511). Halometh-
anococcus mahi is also a moderate halophile, growing
optimally between 1.0 and 2.0 M NaCl; it was isolated from
the Great Salt Lake (332). The methanogen strain SF1 was
isolated from the sediment of a solar salt pond and had an
optimum salt concentration for growth of 2.1 M (275). The
organism with the highest salt requirement for growth is
Halomethanococcus doii, with optimum growth at 3.0 M
NaCl; it was isolated from a salt pond near San Francisco
(483).
Taxonomy. The halophilic methanogens belong to the

most metabolically unusual of the methanogen groups, the
family Methanosarcinaceae, a subdivision of the order
Methanomicrobiales. All morphological types are repre-
sented in this group and include both mesophilic and ther-
mophilic species. A variety of substrates are used by these
organisms, and both halophiles and nonhalophiles are in-
cluded (197).
Four different genera are recognized among the halophilic

anaerobic eubacteria: Clostridium, Sporohalobacter, Halo-
bacteroides, and Haloanaerobium. With the exception of
Clostridium halophilium, all of these haloanaerobic eubac-
teria are gram-negative rods, forming mixed fermentation
products from glucose, and are differentiated on the basis of
their salt tolerance range, catabolism, habitat, DNA base
composition, and spore formation. Analysis of the 16S
rRNA of Halobacteroides halobius (320), Sporohalobacter
lortetii, Haloanaerobium praevalens, and Sporohalobacter
marismortui shows that these organisms are related to each
other (318, 324), and the findings that Halobacteroides
halobius (320) and Sporohalobacter marismortui (324) pro-
duce endospores and that Haloanaerobium praevalens hy-
drolyzes N'-benzoyl-D-arginine-P-nitroanilide (323) demon-
strate that these organisms share properties characteristic of
endosporeforming bacteria. Clostridium halophilium is a
gram-positive rod-shaped sporeformer (126). This organism
belongs to the group of clostridia (74) that produce acid from
glucose, do not hydrolyze gelatin, and do not digest meat.
Further taxonomic characterization is required to determine
how closely related this organism is to the other anaerobic
halophilic eubacteria.

Physiology and Metabolism

Growth features. The physiological requirements of halo-
anaerobes for salt reflect the chemical composition of their
environment. The Dead Sea contains an extremely high
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concentration of Mg2" (1.8 M), and Halobacteroides halo-
bius isolated from this environment tolerates high magne-
sium concentrations, with Mg2+ replacing the high Na+
requirement (325). Sporohalobacter lortetii and Sporohalo-
bacter marismortui isolated from the same environment
have a low tolerance for magnesium (up to 0.5 M), and it is
thought that the former organism can grow only slowly in its
habitat (317). Halobacteroides acetoethylicus was isolated
from deep subsurface waters which contained only low
levels of potassium (0.02 M) and magnesium (0.119 M)
compared with the concentrations of sodium (1.34 M) and
chlorine (1.57 M). The organism grows optimally in medium
with a similar composition to the environment from which it
was isolated, i.e., high levels of NaCl and low levels of
potassium, and does not grow in medium with greater than
0.2 M Mg2+ (345).

Metabolic types. The haloanaerobic eubacteria produce a
mixed-acid fermentation together with H2 and CO2 from
glucose. The end products acetate and butyrate are pro-
duced by Sporohalobacter lortetii (317) and Haloanaero-
bium praevalens (498), whereas Halobacteroides halobius
(325) and Halobacteroides acetoethylicus (345) ferment glu-
cose with the formation of acetate and ethanol, and Sporo-
halobacter marismortui produces formate in addition to the
other fermentation products (324).

Clostnidium halophilium is capable of carrying out the
Stickland reaction, degrading betaine in the presence of
L-alanine or other suitable electron donors with the produc-
tion of acetate, CO2, ammonia, and trimethylamine. In
addition, this organism is able to ferment carbohydrates,
including a number of disaccharides, monosaccharides, and
sugar alcohols, and grows on pyruvate. Fermentation prod-
ucts from glucose include acetate and ethanol in equal ratios
and lower levels of butyrate and lactate, and propionate was
produced from growth on threonine (126). The halophilic
sulfate reducer Desulfohalobium retbaense is a strict che-
moorganotroph, incompletely oxidizing lactate, ethanol, and
pyruvate to acetate and CO2. Sulfate, sulfite, thiosulfate, and
elemental sulfur were used as electron acceptors and were
reduced to H2S. During growth on lactate in the presence of
hydrogen as the energy source, longer cells (up to 20 p,m in
length) are found (314).

Halophilic methanogens all fall into the same physiological
group with respect to substrate utilization, with pure-culture
studies confirming the environmental observations that me-
thylamines are the methanogenic precursors. Methanococ-
cus halophilus (511), Methanolobus tindarius (220), Metha-
nococcoides methylutens (394), Halomethanococcus mahi
(332), Halomethanococcus doii (483), and strain SF1 (275)
are all obligately methylotrophic, growing only on methyl-
amines or methanol but not on the common methanogenic
substrates including hydrogen plus carbon dioxide, formate,
and acetate. These organisms represent a distinct physiolog-
ical group within the methanogenic bacteria and can be
described as the halophilic, methylotrophic, nonaceticlastic
methanogens.

Adaptation Mechanisms

Internal salt concentration. In general obligate halophiles
have evolved two different strategies for growth in an
environment of concentrated NaCl. The internal salt con-
centration can be maintained at a level comparable to that of
the environment, or the organism can actively exclude NaCl
and produce a organic-compatible osmoregulant such as
betaine (438). Intracellular salt concentrations in Haloanaer-

obium praevalens, Halobacteroides halobius, and Halobac-
teroides acetoethylicus were similar (319, 346). In these
haloanaerobes, the chlorine levels inside the cells were
comparable to those in the media and osmoregulants were
not produced, demonstrating a marked difference from ha-
loaerobic eubacteria, in which chlorine is excluded (76, 273).
The intracellular salt content of the halophilic aerobic or

anaerobic archaebacteria and haloanaerobic eubacteria is
dependent on the external NaCl concentration, with an
increase in external NaCl concentration resulting in a corre-
sponding increase in intracellular salt concentration. The
total internal concentration of monovalent ions either equals
or exceeds the external concentration (21, 319, 346). When
growing at their optimal NaCl concentration, Haloanaero-
bium praevalens and Halobacteroides halobius have ap-
proximately equal intracellular concentrations of Na+ and
K+ (319). This is in contrast to Halobacteroides acetoethyl-
icus, in which Na+ is the predominant intracellular ion (346).
In the haloaerobic eubacteria which have NaCl within the
cell, an increase in salt concentration above the optimum for
growth will not result in a corresponding increase in the
internal salt content (273, 274), suggesting that, unlike their
anaerobic counterparts, aerobic eubacteria are able to con-
trol the internal salt concentration.
Enzymes. To date little work has been done on biochem-

ical mechanisms used by haloanaerobes to adapt to their
environment. However, the halophilic eubacteria do main-
tain high intracellular concentrations of salt, and presumably
the cellular processes have adapted to functioning in such an
environment. Comparison of the effect of salt on the in vitro
activities of a number of enzymes from Halobacteroides
acetoethylicus revealed some striking similarities with en-
zymes from halophilic, aerobic archaebacteria.

Catabolic enzymes from Halobacteroides acetoethylicus
were found to all require salt for activity, although the
optimum salt concentration varied depending on the enzyme
(346). Several of the enzymes, including glyceraldehyde-3-
phosphate dehydrogenase, alcohol dehydrogenase, and up-
take hydrogenase, showed maximum activity at concentra-
tions of Na+ similar to or above those found in the cell.
Pyruvate dehydrogenase was unlike the other enzymes in
that maximum activity was shown at K+ concentrations
equivalent to those in vivo. Although the enzymes varied in
activity in the absence of salt, the presence of either Na+ or
K+ stimulated activity in all cases and alcohol dehydroge-
nase activity increased with increasing salt concentrations.
The tolerance by enzymes of Halobacteroides acetoeth-

ylicus to concentrations of salt above those normally found
within the cells reveals a similarity to enzymes from haloaer-
obic archaebacteria (20, 122, 236). Studies of the effect of
salt on enzymes from haloaerobic eubacteria have shown
that most of the enzymes were active at salt concentrations
below those found inside the cell (19, 20).
Membranes and other cell components. Analysis of the

membranes by either electron microscopy or lipid composi-
tion has not revealed the presence of components or ultra-
structural differences that could account for the ability of
haloanaerobes to inhabit ecological niches high in salt. The
halophilic methanogens Methanococcus halophilus (511),
Methanolobus tindarius (220), and Methanogenium cariaci
(351) all had cell walls which were thin, osmotically sensi-
tive, and sensitive to detergents.

Electron micrographs of the cell wall of Halobacteroides
halobius showed a clear double-track membrane in contact
with the cell cytoplasm, and external to this membrane was
another double-track membrane, which apparently formed

MICROBIOL. REV.

 on July 25, 2018 by guest
http://m

m
br.asm

.org/
D

ow
nloaded from

 

http://mmbr.asm.org/


ANAEROBIC BACTERIA ADAPTED TO ENVIRONMENTAL STRESS 495

1;
:,w;4

IMI

. IliASE,..I

f.

B O.5um
I

FIG. 19. Transmission electron micrographs showing the inter-
nal cell architecture of Halobacteriodes acetoethylicus. (A) Arrows
indicate crystalline inclusion structures. Bar, 1 ,um. (B) Outer-wall
envelope profile layers indicating the outer membrane (OM), inter-
wall material (IM), and plasma membrane (PM). Bar, 0.5 p.m.

Reprinted from reference 345 with permission.

the outer layer of the cell envelope. Sensitivity of the cells to
penicillin implied the presence of peptidoglycan, although a

prominent peptidoglycan layer could not be seen in electron
micrographs (325). In Haloanaerobium praevalens the lipid
content did not change with changes in salt concentration,
and therefore the membrane may not play a major role in the
ability of the organism to grow over an extended range of salt
concentrations (498). Electron-microscopic observations of
thin sections revealed that cells of Halobacteroides aceto-
ethylicus had a typical gram-negative layered cell envelope
but contained unusual internal crystal-like forms (345), al-
though it is not known whether these contribute to or

counteract the high internal salt concentration (Fig. 19).

Biotechnological Features

Higher-value organic acids. Organic acid-producing fer-
mentations, e.g., those producing acetic acid, propionic
acid, and lactic acid, are generally limited by low pH, and if

the pH is controlled, they are limited by species tolerance to
the salt of the organic acid. The potential for producing
concentrated organic-acid salt solutions by anaerobes has
not been reported, although 15% (wt/vol) monosodium
glutamate is currently being produced from an aerobic
organism. Organic solvent-producing fermentations such as
ethanol and butanol are generally limited by solvent concen-
trations that are economically recoverable and by species
that are tolerant to the solvent. Solvent-producing haloa-
naerobes could have higher tolerance and lower energy
requirements for solvent recovery because of less process
water at higher salt concentration. The processing of certain
organic industrial wastes can be associated with both high
salinity and anoxic conditions, e.g., spent liquors from the
pulp and paper industry and oil shale rock refining wastes
from the synfuel industry. Effective biodegradation of these
wastes may require salt-tolerant populations of anaerobic
bacteria.

Coal gasification and waste treatment. The biological as-
pects of anaerobic breakdown of aromatic compounds to
biogas under hypersaline conditions are as good as un-
known. In addition, the process of methanogenesis from
more easily degradable substrates at high salt concentrations
is not completely understood. One proposal for the biogas-
ification of chemically pretreated lignite was to use under-
ground salt caverns as cheaply available bioreactors. This
would depend on the biological conversion of lignite break-
down products to methane at high salt concentrations, since
salt would dissolve from the walls of the caverns. The
findings showed that although a potential for methane for-
mation from lignite breakdown products at high salt concen-
trations does exist, the process is not expected to occur
above 16% salt and that the methane yields obtained were
very low (322).
Wastewater from industrial processes can often contain

salt, and the dominant genus in a bioreactor for treatment of
such water is highly dependent on the wastewater composi-
tion. In a reactor treating wastewaters from the tuna-pro-
cessing industry, the dominant methanogens were mainly
Methanogenium spp., although Methanobactenium and
Methanosarcina spp. were also present. The dominance of
Methanogenium spp. is probably due to the high salt content
of the wastewater (440). Possibly the halophilic methanogens
described above have some application in anaerobic diges-
tion of waste high in salt.

CONCLUSIONS AND FUTURE
RESEARCH DIRECTIONS

The known diversity of microbial life has been greatly
expanded by studies of anaerobic bacteria that proliferate in
extreme environments. This feature has been best exempli-
fied by the vast array of moderate and extreme thermophilic
species of eubacteria and archaebacteria which have been
recently described. The recently recognized phenotypic and
phylogenetic diversity of methanogens is composed in part
of thermophilic, halophilic, and alkaliphilic species (32).
Continued studies of the diversity of anaerobic species that
live in thermophilic, halophilic, acidophilic, and alkaliphilic
environments, as well as examination of anaerobic species
that grow on toxic chlorinated or nitrile-containing com-
pounds or on limiting substrates such as aromatic com-
pounds or VFA, should yield many new species of bacteria
yet to be discovered. As a group, these kinds of anaerobes
are considered to be extremophiles by the authors. These
organisms have adapted to growth under extreme environ-
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mental conditions, although their habitat or isolation site
may not necessarily reflect their ability to tolerate and
proliferate under adverse conditions. Aerobic extremophiles
which have adapted to grow or exist under extreme environ-
ments have been termed superbugs by Horikoshi et al. (167),
and they represent the aerobic counterparts to the anaerobes
described here.
The first forms of life arose when environmental condi-

tions on Earth were anaerobic and thermophilic. The recent
phylogenetic tree for life, as proposed by Woese et al. (465),
is composed of three kingdoms: the Bacteria, the Archaea,
and the Eucarya. Quite interestingly, the most divergent
members of both the Bacteria and the Archaea are Thermo-
proteus and Pyrodictium species, both of which are thermo-
anaerobes. At this point, more studies are in order to answer
the question whether the thermophilic Archaea or the ther-
mophilic Bacteria arose first. At the molecular level, the
members of the Archaea appear in some ways more similar
to those of the Eucarya than to those of the Bacteria (465).
Indeed, some thermophilic eubacteria such as Thermode-
sulfotobacterium commune have ether-linked lipids like
members of the Archaea but also have 16S rRNA sequences
more homologous to members of the Bacteria. Further
studies on diversity of anaerobic extremophiles may uncover
ancestor organisms to both of these life forms.
The correct taxonomic assignments for most anaerobic

extremophiles await further detailed study at the molecular
level. The pioneering studies of Woese et al. (465) on 16S
rRNA sequencing has helped establish classification above
the genus and species level. More detailed studies on DNA-
DNA homology are in order to establish correct genus and
species assignments of the anaerobic species described.
Recently, this approach has been used to distinguish Clos-
tridium, Thermoanaerobacter, and Thermoanaerobactenum
as three different genera of thermoanaerobic eubacteria that
ferment saccharides into H2+CO2, ethanol, lactic acid, and
acetic acids (245).
The physiological mechanisms used anaerobic members of

the Bacteria and Archaea for adaptation to extreme environ-
mental conditions appear to involve novel stabilization
mechanisms for both proteins and lipids. This occurs in lieu
of production of labile macromolecules, producing general
intracellular protectants such as osmoregulants or pumping
H+ out of the cells, which would require extensive energy
expenditure that is limited in anaerobes when compared with
aerobic life forms. Considerably more work is required to
demonstrate the molecular mechanisms which account for
how these organisms and their enzymes and lipids function
under extreme conditions.
Extreme conditions are generally the preferred conditions

(i.e., high temperature, high salinity, low or high pH) for
industrial processes because they maximize reaction rates
and product yields and/or facilitate process stability. It is for
these reasons that more research on the anaerobes described
in this review and their enzymes is important to industrial
biotechnology. Recently, the stable enzymes of hyperther-
mophiles have become an important topic for applied re-
search. This has resulted in new or improved enzymes for
starch processing and for production of chiral chemicals.
Future applied research should also extend to acidophiles,
alkaliphiles, and halophilic anaerobes and their enzymes,
which remain overlooked and understudied.
Anaerobic waste treatment systems are important because

they do not require 02 or mixing and can generate methane
as a vendible by-product. Many highly toxic chlorinated
compounds can only be readily degraded by reductive

anaerobic microbes. Continued studies on anaerobic deha-
logenators and syntrophs will undoubtedly demonstrate their
exact energy conservation mechanisms, which are not
proven, as well as result in improved microbial systems for
remediation of toxic and residual organic wastes. Finally,
studies of syntrophs and methanogens that grow in defined
granular aggregates can serve as a general biological model
to study cell-cell interactions and metabolic communication
in prokaryotic multicellular systems.
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