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Preface

The study of methane-producing microbes has witnessed unprecedented growth
in its relatively short history. The stimulus for this interest originates from the
broad impact methanogens have on the wider world of biological inquiry including
the environment, early evolution, biochemistry, and molecular biology.

Methanogens are found in nearly every conceivable anaerobic environment—
from the rumen and the intestines of humans to hot springs and the deep ocean
floor, from sewage digestors and landfills to aquatic sediments. Methanogens
grow at temperatures from 5 to 110°C and salinities ranging from freshwater to
brine, a finding which has helped to redefine the environmental limits for life.
Methanogens function in the global cycling of carbon; each year approximately
400 metric tons of methane are produced as an end product in the degradation of
organic matter entering diverse anaerobic habitats. The methane is oxidized
to CO, in aerobic zones, but an undetermined amount escapes into the upper
atmosphere. Recent increases in the ruminant population and human activities
have led to an increase in atmospheric methane, a major greenhouse gas.

Early studies on methane-producing microbes gave the first clue that led to the
recent proposal of a new higher taxon for all life, which includes the Archaea,
Bacteria, and Eucarya domains. The methanogens are the largest, most diverse,
and best-studied group in the Archaea. The wealth of information on cell wall
components, ultrastructure, and phylogenetics of methanogens has made a key
contribution toward understanding the early origins and evolution of the Archaea.

The study of methanogens has also contributed to a broader understanding
of the biochemical world. A plethora of novel cofactors has emerged from
investigations on the pathway of methanogenesis, and new metalloenzymes have
been discovered. An understanding of the bioenergetics is just beginning to unfold
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but already has revealed uncommon mechanisms for the generation of chemical
gradients. Biochemical studies clearly indicate that the transcriptional and transla-
tional apparatus of the methanogens resembles that of the Eucarya more than the
Bacteria.

Although the field of methanogenesis has progressed from methods for the
growth of these fastidious anaerobes to elegant studies of the novel biochemistry
and into molecular biology, major interesting questions remain unanswered; for
example, the mechanism of energy conservation and principles of gene expres-
sion. Today the field is at a threshold. The accomplishments of the past are
pushing on the door to genetics. The development of a reliable genetic exchange
system will soon catalyze another rapid expansion of research that will surely
impact all aspects of methanogens. Events of the past predict that this new era
will reveal still more processes that are unique to these microbes and afford new
perspectives to the broader fields of biochemistry and molecular biology.

This is the first book exclusively on the subject of methanogenesis. It is
intended to provide the reader with a comprehensive view of the field, past and
present, and indicate future directions. For the experienced, it is anticipated that
the contents will provide fresh insights and, for those new to the field, will
stimulate interest and research in new directions. The chapters that follow reveal
the unusual and diverse ecology, microbiology, physiology, biochemistry, and
molecular biology which characterizes these microbes.

Finally, many factors have contributed to the success of this field not the least
of which is a collegial scientifc community. I wish to thank the authors for their
cooperation and advice.

JAMES G. FERRY
Blacksburg, Virginia



Contributors

Dr. Terrance J. Beveridge
Department of Microbiology
College of Biological Science
University of Guelph
Guelph, Ontario N1G 2W1
Canada

Michael Blaut

Institut fiir Mikrobiologie der Uni-
versitit Gottingen

Grisebachstr. 8

W-3400 Gdéttingen

Germany

Dr. David Boone

Oregon Graduate Institute of Science
and Technology

19600 N.W. Von Neumann Drive

Beaverton, OR 97006-1999

Dr. L. Edward DeMoll

Department of Microbiology & Immu-
nology

University of Kentucky

Chandler Medical Center

Lexington, KT 40536-0084

Dr. James Ferry

Department of Anaerobic Microbi-
ology

Virginia Polytechnic Institute and
State University

Blacksburg, VA 24061-0305

Reinhard Fischer
Philipps-Universitat Marburg
Fachbereich Biologie
Laboratorium fiir Mikrobiologie
D-3550 Marburg/Lanberge
Karl-von-Frischstrafie

Germany

Dr. David Grahame
National Heart Institute
Building 3, Room 114
Bethesda, MD 20892

Dr. Gerhard Gottschalk
Institut fiir Mikrobiologie
Georg-August-Universitit
Grisebachstrasse 8

3400 Gottingen

Germany



x Contributors

R. Hedderich
Philipps-Universitat Marburg
Fachbereich Biologie
Laboratorium fiir Mikrobiologie
D-3550 Marburg/Lanberge
Karl-von-Frischestrasse
Germany

Dr. Jan Keltjens
Department of Microbiology
University of Nijmegen
Toemooiveld

NL-6525 Nijmegen

The Netherlands

Volker Miiller

Institut fiir Mikrobiologie der Uni-
versitit Gottingen

Grisebachstr. 8

W-3400 Géttingen

Germany

Dr. John N. Reeve
Department of Microbiology
The Ohio State University
484 West 12th Street
Columbus, OH 43210

Prof. Peter Simpson
Department of Microbiology
University of Georgia
Athens, GA 30602

Dr. G. Dennis Sprott

Division of Biological Sciences
National Research Council of Canada
Ottawa, Ontario K1A OR6

Canada

Dr. Thressa Stadtman
National Heart Institute
Building 3, Room 103
Bethesda, MD 20892

Dr. Rudolf K. Thauer
Philipps-Universitit Marburg
Fachberiech Biologie
Laboratorium fiir Microbiologie
D-3550 Marburg/Lanberge
Karl-von-Frisch Strasse
Germany

Dr. Godfried Vogels
Department of Microbiology
University of Nijmegen
Toernooiveld

NL-6525 Nijmegen

The Netherlands

Dr. Robert H. White

Department of Biochemistry

Virginia Polytechnic Institute and
State University

Blacksburg, VA 24061-0308

Dr. William B. Whitman
Department of Microbiology
University of Georgia
Athens, GA 30602

Dr. Ralph S. Wolfe
Department of Microbiology
University of Illinois

Burrill Hall

407 South Goodwin Avenue
Urbana, IL 61801

Dan Zhou

Department of Biochemistry

Virginia Polytechnic Institute and
State University

Blacksburg, VA 24061-0308

Dr. Steve Zinder
Department of Microbiology
Stocking Hall

Cornell University

Ithaca, NY 14853



An Historical Overview
of Methanogenesis

Ralph S. Wolfe

Discovery of “Combustible Air”’ from Sediments

Since ancient times combustible gas has been known to seep from geological
fissures in certain areas of the world. However, the experiments of Alessandro
Volta with combustible air obtained from sediments and marshy places created
widespread interest and laid the scientific foundation for study of the biological
formation of methane (Paoloni, 1976). Results of his experiments are recorded
in a series of letters to his friend Father Carlo Campi. The experiments had their
beginning when Father Campi observed bubbles rising near a spring and, finding
that they were capable of catching fire, communicated this observation to his
friend, Volta. Together they planned to return to the spring and conduct experi-
ments, but this plan was abandoned when Volta became ill. Later, with the ideas
of their proposed experiments in his mind, Volta explored the nature of bubbles
from sediment in the shallow area of a lake. Volta wrote letter No. 1 to Father
Campi which read, in part, as follows:

So, on the 3rd of this month (Nov. 1776), with my head full of such ideas,
and being in a little boat on Lake Maggiore, and passing close to an area
covered with reeds, I started to poke and stir the bottom with my cane. So
much air emerged that I decided to collect a quantity in a large glass container.

Now for some details. This air burns with a beautiful blue flame. To make
it burn and to produce the flame, the mouth of the vessel must be wide. If
it is too narrow, when one puts a little lighted candle close to it, one hears
many slight explosions in rapid succession, so slight that they can barely be
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Figure 1. For the publication of Volta’s letters an artist presented salient features of Volta’s
initial experiments, the collection of bubbles released from sediment in a large inverted
glass container, and, in the upper right, the experiment where the gas extinguishes a
lighted candle when the candle is lowered into the vessel. (Although it is easy to repeat
Volta’s experiment today, it would represent a real challenge to repeat the experiment as
depicted by the artist, i.e., to stand up in a small boat, hold a large inverted glass jug with
one hand and stir the sediment with a pole held in the other hand—a sure formula for
disaster.)

heard. I usually use, for simple experiments, a little container made of glass,
cylindrical in shape, three or four thumbs long, and the same width except
at the mouth which is approximately %> thumb wide. When a candle is put
close to the mouth, it is pretty to see how it gets covered with a small blue
flame, which descends slowly along the walls of the vessel, almost as if
licking it, until it reaches the bottom. But the show is more beautiful and
more curious if we put a bit of lighted candle inside the container, using a
bent wire; then the blue flames enlarge and increase in vigor. If the candle
is lowered too far, it goes out, while at the mouth the air continues to burn.
Then if the candle is moved away from the bottom, it will light again as soon
as it touches the flame at the rim.

Isn’t this the same thing that happens to the alcohol of wine? A torch
immersed in such a fluid goes out, but when it approaches the surface it
ignites and burns brightly. What better proof can there be that this flammable
air, the same as any combustible substance, cannot burn unless it comes into
contact with the ordinary air of the atmosphere? . .

From the second letter 21 Nov. 1776 at Como:
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After having tested the soil that sleeps, as to say, under the water, it
occurred to me to examine the soil near the water but not wet. For this, I
chose a marshy soil left almost dry by the subsiding of our Lake, and got
ready to make the test in two ways. The first was to dig a few little holes in
the mud (others were already prepared by deep animal tracks) and when they
had filled with water, I stirred the bottom as usual with my cane, and let the
air escape. I carefully collected some of it, and it did not fail the test; it
caught fire.

The other test which gave me a more beautiful and charming sight was to
push my cane in to the depth of about a foot in a place where the soil was
softer and blacker, and covered with rotted grass, then pull it out all of a
sudden and at once push a small lighted candle right next to the opening. It
was just beautiful to see a blue flame appear at once and part of it fling itself
upward while part of it went deep into the hole and touched the bottom.

Then I hurriedly dug several more holes close together, and I could not
get enough of watching the flame run from one to another, setting one and
then another ablaze, then all of them burning and shining together. But if I
pressed the ground with one foot, or trod upon it so that more air rushed out,
only some of the holes would burn. . . .

No, sir, no air is more combustible than the air from marshy soil. In the
first place, we can deduce this from the extraordinary number of small
explosions we can get from it. But a surer indication is that it transmits the
property of flammability to the ordinary air with which it comes into contact,
and in this respect it far surpasses other combustible air. The strongest of all
these, obtained by dissolving iron filings in vitriolic acid, makes the loudest
explosions when combined with a volume of ordinary air twice its own. The
air of swamps, on the other hand, ignites and explodes most loudly, if to one
part of it, we add 8 or 10 parts of ordinary air. If to one part of it, we add
only 5 or 6 parts of ordinary air, it does not explode with its maximum flash
and roar, but keeps flashing with a succession of small flames; finally, if we
increase the proportion to twelve to one, the swamp air sets afire the whole
mass.

Now we can understand why this swamp air burns so lazily in containers
and why it is imperative for their mouths to be wide. No, it is not lack of
flammability; it is rather an indication of excess of flammability; since in
order to burn more brightly, it must be diluted with ordinary air.

Another recorded observation of combustible gas from sediments was made
on Nov. 5, 1783 by two unlikely persons, Thomas Paine and George Washington
who were ignorant of Volta’s discovery. After the Revolutionary War, Washing-
ton established his headquarters at Rockingham in New Jersey. He was trying,
without apparent success, to get Congress to vote a pension for Paine whose
writings had played an important role in the revolutionary cause. To make Paine
more visible he invited him to his headquarters for a visit. Paine was interested



4 R. S. Wolfe

in the nearby sluggish Millstone River. In his book, The Cause of the Yellow
Fever, Paine describes the experiments (Menzies, 1969):

We had several times been told that the river or creek, that runs near the
bottom of Rocky Hill, and over which there is a mill, might be set on fire,
for that was the term the country people used; and as General Washington
had a mind to try the experiment, General Lincoln, who was also there,
undertook to make preparation for it against the next evening, November
5th. This was to be done, as we were told, by disturbing the mud at the
bottom of the river, and holding something in a blaze, as paper or straw, a
little above the surface of the water.

Colonels Humphreys and Cobb were at that time Aids-de-Camp of General
Washington, and those two gentlemen and myself got into an argument
respecting the cause. Their opinion was that, on disturbing the bottom of the
river, some bituminous matter arose to the surface, which took fire when the
light was put to it; [ on the contrary, supposed that a quantity of inflammable
(flammable) air was let loose, which ascended through the water, and took
fire above the surface. Each party held to his opinion, and the next evening
the experiment was to be made.

A scow had been stationed in the mill dam, and George Washington,
General Lincoln, and myself and I believe Colonel Cobb (for Humphries was
sick) and three or four soldiers with poles, were put on board the scow.
General Washington placed himself at one end of the scow, and I at the other;
each of us had a roll of cartridge paper, which we lighted and held over the
water, about two or three inches from the surface, when the soldiers began
disturbing the bottom of the river with the poles.

As General Washington sat at one end of the scow, and I at the other, I
could see better anything that might happen from his light, than I could from
my own, over which I was nearly perpendicular. When the mud at the bottom
was disturbed by the poles, the air bubbles rose fast, and I saw the fire take
from General Washington’s light and descend from thence to the surface of
the water, in a similar manner as when a lighted candle is held so as to touch
the smoke of a candle just as it is blown out, the smoke will take fire, and
the fire will descend and light the candle. This was demonstrative evidence
that what was called setting the river on fire was setting on fire the inflammable
air that arose out of the mud.

Natural scientists of the day were intrigued by Volta’s discovery. His letters
describing the discovery of and experiments with combustible air were published
in French and German. He corresponded with eminent scientists in several coun-
tries. By 1787, Lavoisier and others had obtained evidence that Volta’s flammable
air was “gas hidrogenium carbonatrum.” The terms “carbonated hydrogen” and
“carburetted hydrogen” were used in English. A detailed chronology of the many
publications and authors is conveniently provided by Paoloni, pp. 258-262
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(1976). By 1865 the term “methan” (methane) was proposed, and in 1892 this
nomenclature was confirmed by an International Congress on Chemical Nomen-
clature.

Microbial Basis of Methanogenesis

Although Volta had noted the relationship of methane formation to water-
saturated decaying plant material, and in the following years this relationship had
been adequately confirmed by others, nearly a century elapsed before firm evi-
dence was obtained that methane formation in such habitats was a microbial
process. H. A. Barker summarized this era in his book, Bacterial Fermentations
(Barker, 1956) which should be consulted for the specific references:

The first definite indication that methane is formed by a microbiological
process was obtained in 1868 by Béchamp, a student of Pasteur. Béchamp
had previously studied the decomposition of sugar and starch that occurred
when these substances were added to a simple inorganic medium containing
chalk and incubated in the absence of oxygen. He ascribed the resulting
fermentation to a living “ferment” which he thought was originally present
in the chalk and therefore called Microzyma cretae. The description of this
organism was remarkably vague; it was reported to be so small that even
when examined under the highest magnification of the microscope it appeared
only as a motile point. For some reason, now not altogether clear, Béchamp
decided to find out whether the chalk and its microbe could also cause an
anaerobic decomposition of ethyl alcohol. He was rewarded after some weeks
by seeing the development of a vigorous fermentation which produced a large
amount of methane, a little carbon dioxide, and a mixture of various fatty
acids. Béchamp reported that when the gas evolution stopped the only “fer-
ment” to be seen was M. cretae! Despite the naive interpretation of the
microscopic observations, Béchamp’s experiment clearly showed that meth-
ane can be formed from ethyl alcohol and calcium carbonate by a process
probably caused by microorganisms. This was the first demonstration of
biological methane formation from simple carbon compounds. Unfortu-
nately, Béchamp’s work was overlooked by most subsequent investigators.

More adequate proof of the microbiological origin of methane was provided
by Tappeiner in 1882. He set up three identical anaerobic cultures provided
with plant materials as substrate and with considerable amounts of the intesti-
nal contents of ruminants as an inoculum and a possible source of soluble
catalysts. One of the three cultures was treated with an antiseptic to inhibit
bacteria without inactivating soluble “ferments,” the second was boiled to
destroy both bacteria and “ferment,” and the third was left untreated. The
microbial nature of the fermentation was deduced from the observation that
only the untreated culture produced methane.
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During the last quarter of the 19th century, interest in the methane fermenta-
tion centered largely on the utilization of cellulose as a substrate. Since
cellulose is the most abundant constituent of plants, it was reasonable to
suppose that it must be a major source of methane in decomposing plant
materials. Furthermore, methane had been shown to be formed in large
amounts in the digestive tracts of herbivorous animals; therefore the possible
role of methane-producing bacteria in cellulose digestion was of some concern
to animal physiologists.

The experiments of Popoff, Tappeiner, and Hoppe-Seyler on the utilization
of cellulose by crude enrichment cultures of bacteria obtained from soil or
the digestive tracts of herbivorous animals demonstrated that cellulose is in
fact decomposed under anaerobic conditions, frequently with the formation
of methane and other products including carbon dioxide, hydrogen, and
acetic and butyric acids. At first this was taken to mean that the bacteria
which attacked cellulose also form methane. However, it was soon realized
that another interpretation is possible, namely, that the methane is formed
not by the cellulose-decomposing bacteria but by the action of other associated
microorganisms on one or more of the products of the cellulose fermentation.
This interpretation was supported by two lines of evidence. First, certain
cellulose-fermenting cultures were found to produce carbon dioxide and
hydrogen but no methane. This proved that cellulose fermentation is not
necessarily associated with methane formation. Second, Hoppe-Seyler 1986,
Omelianski 1906, and particularly S6hngen 1906 demonstrated that the prod-
ucts of cellulose fermentation, such as formate, acetate, butyrate, ethanol,
and even hydrogen and carbon dioxide, can be readily used as substrates by
methane-producing bacteria.

Although it appeared that methane formation from cellulose was likely a two-
stage process, Omelianski presented evidence which he believed supported the
existence of a sporeforming rod which converted cellulose to methane (Barker,
1956). The technology of the time was inadequate for resolution of the contro-
versy, and no evidence to support Omelianski’s contention has been obtained.
The work of S6hngen reported in his thesis (Barker, 1956) and S6hngen (1910)
was remarkable for its insight on the physiology of methanogenesis. He concluded
from studies with enrichment cultures that 4 moles of H, were required to reduce
1 mole of CO, to CH, (4H, + CO, — CH, + 2H,0). These experiments later
provided a basis for the “carbon dioxide reduction theory” proposed by van Niel
in 1934 (Barker, 1956). Since no pure cultures of methanogens were available,
a definitive test of the hypothesis could not be performed. Sohngen also tested
different substrates in his enrichment cultures with the curious result that the
final products, CH, and CO,, were the same whether acetone, ethanol, acetate,
propionate or butyrate was the substrate. (It would be nearly 60 years before the
role of acetogenic obligate proton-reducers in this process would be defined.)
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Beginning of the Modern Era

Stephenson and Stickland (1933) reported the isolation of an organism that
could oxidize hydrogen and reduce one-carbon compounds (carbon dioxide,
carbon monoxide, formate, formaldehyde or methyl alcohol) to methane; how-
ever, it is difficult with present knowledge of the methanogens to assess the nature
of their isolate. It is significant, however, that the culture did not yield methane
from compounds of two or more carbon atoms. They observed that formate was
converted to carbon dioxide and hydrogen at a rate more rapid than its conversion
to methane, suggesting that formate was not an intermediate in the reduction of
carbon dioxide to methane. In 1936, a year that marks the beginning of the
modern era for study of methanogenesis, H. A. Barker first reported his pioneering
experiments and methanogens (1936a,b). For the next 30 years his laboratory
would play the leading role in providing a scientific basis for the physiology of
methanogenesis. As a young man he had gone to Delft for postdoctoral study
with A. J. Kluyver, a postdoctoral experience that yielded two important contribu-
tions to anaerobic microbial physiology. His enrichments for methanogens anaer-
obically produced methane in an ethanol-carbonate medium. From the medium
which contained ethanol and calcium carbonate and which was inoculated with
Delft canal sediment, he obtained Clostridium kluyveri as well as the culture
known as Methanobacillus omelianskii. Barker used an adaptation of the agar
shake method in which the cotton plug above the agar-deep was cut in half, and
the lower sterile half was then pushed down into the tube. The upper half was
pushed part way down the tube so as not to contact the sterile plug, pyrogallol
and sodium carbonate being added to this plug before a solid rubber stopper was
inserted to seal the tube. Alkaline pyrogallol absorbed oxygen in the head space
as sodium sulfide in the agar medium created a reducing potential. By use of
selective substrates growth of non-methanogens was kept to a minimum. Al-
though growth of methanogens was slow, requiring several weeks to produce
colonies large enough to pick, this procedure represented a major advance, a
pivotal event in the study of methanogenesis. A standard aseptic technique could
now be employed for obtaining colonies of methanogens (Barker, 1940).

Although M. omelianskii was believed at the time to represent the first pure
culture of a methanogen, it now appears that Schnellen in Kluyver’s laboratory
documented in his thesis the first pure cultures, these being Methanobacterium
Jormicicum and Methanosarcina barkeri (Schnellen, 1947). (In the late 1970s
lyophilized cultures of these organisms prepared by Schnellen were discovered
in Delft. Unfortunately, they were found to be nonviable, when tested in the
laboratory of G. D. Vogel.) With Ruben and Kamen, Barker performed a pivotal
experiment in 1940 which showed that “CO, gave rise to “CH, and that '*C also
was incorporated into cell carbon of M. omelianskii (Barker et al., 1940). Barker
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then showed that the oxidation of ethanol to acetate by this organism was com-
pletely dependent on the presence of carbon dioxide; other terminal electron
acceptors did not replace carbon dioxide (Barker, 1941), and he documented the
relationship of carbon dioxide concentration to the rate of its reduction to methane
with molecular hydrogen (Barker, 1943). Results of these experiments strongly
supported van Niel’s theory of carbon dioxide reduction to methane.

In 1947 Schnellen had also reported his studies on the conversion of methanol
to methane by Methanosarcina, 4 moles of methanol being converted to 3 moles
of methane and 1 mole of carbon dioxide. To achieve this stoichiometry it was
believed at the time that all of the methanol was oxidized to carbon dioxide with
the reduction of 3 moles of carbon dioxide to methane. Similarly the conversion
of 1 mole of acetate to 1 mole of methane and 1 of carbon dioxide, shown by
Sohngen (1910), was believed to involve first the complete oxidation of acetate
to 2 moles of carbon dioxide and 8 reducing equivalents, 1 mole of carbon dioxide
subsequently being reduced to methane by the reducing equivalents. However,
Buswell and Sollo (1948) obtained an unusual result that altered the concept of
methanogenesis from acetate. Working with acetate-fermenting crude cultures
from sewage sludge to which they added '*C-labeled carbon dioxide, only traces
of label were found in methane, and the methyl group of acetate substituted for
carbon dioxide with a unique labeling pattern. This was a damaging blow to
the prevalent concept that carbon dioxide reduction was universally used by
methanogens to produce methane. As the 1940s drew to a close, Thressa Stadtman
and Barker, repeated, confirmed, and extended the observations of Buswell and
Sollo (Stadtman and Barker, 1949). By addition of ['*C]-acetate to acetate-
fermenting enrichment cultures which were mostly cocci, Methanosarcina not
being observed, they found that methane was derived mainly from the methyl
group of acetate and carbon dioxide from the carboxyl group. In addition they
showed conclusively with the culture of M. omelianskii that the specific activity
of the ['*C]-methane formed was equivalent to the specific activity of the [*C]-
carbon dioxide added; the carbons of ethanol or acetate were not precursors of
methane. So it was now clear: there were two routes for the formation of methane,
one by reduction of carbon dioxide and one by reduction of a methyl group. They
postulated that each route led to a common precursor of methane.

Kluyver and Schnellen (1947) reported an extension of the studies of Stephen-
son and Stickland (1933) and of Barker (1943). They found that the culture of
“M. omelianskii” could oxidize hydrogen and reduce carbon dioxide to methane,
but could not do so with other one-carbon compounds. M. barkeri could not
reduce formate and formaldehyde to methane in the presence of hydrogen. How-
ever, a mixture of hydrogen and carbon monoxide was converted to methane;
carbon monoxide was first oxidized to carbon dioxide and hydrogen with three
additional moles of hydrogen being required to reduce the carbon dioxide to
methane. Likewise Methanobacterium formicium was found to convert carbon
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monoxide and formate to methane but not formaldehyde or methanol. It was clear
from these experiments that reduced one-carbon compounds (carbon monoxide,
formate, formaldehyde, and methanol) were not intermediates in the reduction
of carbon dioxide to methane.

1950s

As the 1950s began, the stage was set for a more definitive examination of
methyl group conversion to methane in Barker’s laboratory. For these experi-
ments, Thressa Stadtman had obtained an acetate-fermenting enrichment culture
of Methanosarcina (the organism, isolated by the agar-shake method, contained
a motile rod as a contaminant). Cultures readily converted [methyl-"“C]-
CH,COOH to "“CH, and [carboxyl-"*C]-CH,COOH to '“CO, (Stadtman and
Barker, 1951b). Similarly '“CH,OH was converted to "“CH,. With this organism,
which resembled the Methanosarcina barkeri of Schnellen, it was now possible
to ask a critical question about methyl group conversion to methane: s the methyl
group transferred intact? Pursuit of this question led to a series of definitive
experiments, which remain as classics. To determine whether the three hydrogen
atoms remained attached to the methyl carbon of acetate during fermentation, the
methyl group of acetate was labeled with deuterium (Pine and Barker, 1956).
When CD,COOH was fermented to methane, mass analysis showed that the
deuterium content of methane was CD;H. When CH,COOH acetate was fer-
mented in the presence of D,O, the methane formed had the mass of CH,D,
indicating one proton in methyl group reduction comes from water. So the methyl
group of acetate was reduced intact to methane! Similar results were obtained
when methanol was fermented; the hydrogen atoms of the methyl group remained
associated with the methyl group as it was reduced to methane. These data had
enormous implications for the terminal step of methanogenesis as well as for
developing an understanding of how carbon dioxide was reduced to methane.
The chemical constraints of carbon dioxide reduction are rigid, intermediates
being equivalent to formate, formaldehyde and methanol. However, evidence
had been obtained previously that these compounds were not free intermediates,
but that the C, intermediates were bound. In his book, Bacterial Fermentations,
Barker proposed a general scheme for methanogenesis that included the three
major sources of methane (Barker, 1956): carbon dioxide as well as the methyl
groups of acetate and methanol (Figure 2). Although Barker modestly disclaimed
any unusual insight in developing this scheme, saying that it is simply dictated
by chemistry, this model would be a valuable one for over 30 years as nature
gradually yielded her closely guarded secrets. As he pointed out, the C, carrier
X in the scheme very likely would be represented by more than one carrier.

Studies with cultures of “Methanobacterium propionicum” and “Methanobac-
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CO; + XH —> XCOOH
l+zH
—-H.0
XCHO
CH30H + XH J«“”

CH0 X CH,OH
l+2H
-H,0
CH3COOH + XH 52—} XCH;

2
l+2H

XH 4 CH4

Figure 2. General scheme for methanogenesis proposed by Barker (1956).

terium suboxydans” (Stadtman and Barker, 1951a) as well as “M. omelianskii”
(Stadtman and Barker, 1949) produced evidence that at the time not only sup-
ported the carbon dioxide reduction theory but was interpreted to indicate that a
variety of compounds could be oxidized by methanogenic bacteria. So it seemed
that the general equation for methanogenesis was well established; the electron
donor 4H,A would be any alcohol or fatty acid that could be oxidized by a
dehydrogenase, A being the oxidized product:

4H,A + CO,— 4A + CH, + 2H,0

Substrates (H,A) such as propionate and butyrate were readily converted to acetate
(A). Today these results are not repeatable with pure cultures of methanogens,
and it is assumed that the cultures of these organisms that were used at the time
were co-cultures and possibly contained some of the organisms reviewed by
Mclnerney (1992).

Another important event of this decade was the isolation and characterization
of Methanobacterium ruminantium from the rumen and its culture on hydrogen
and carbon dioxide or formate (Smith and Hungate, 1958). The rumen had long
been known to produce impressive quantities of methane, but there was a dearth
of documentation on pure cultures of methanogens from the rumen and essentially
no information which quantitated their numbers. M. ruminantium was isolated
and quantitated by use of a new technique first described by Hungate (1950).
This technique which would become universally known as the Hungate technique
was an innovative approach, the purpose being to approximate the conditions of
the natural habitat in a culture tube. By use of solid black rubber stoppers,
resazurin as an O/R indicator, rumen fluid as a nutrient supplement, and a known
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gas atmosphere, a pre-reduced sterile medium was prepared. Previous work
(Mylroie and Hungate, 1954) had shown that a low oxidation-reduction potential
was required for growth of Methanobacterium formicicum from sludge. Rumen
fluid was found to have an E, value of —346 to —335 mV. The major challenge
now was to reproduce this routinely in the culture tube. Cysteine, cysteine and
dithionite, as well as Escherichia coli and pyruvate were added to culture medium
in attempts to produce a low E, in the medium. [Later cysteine-sulfide would be
found to supply a reproducible O/R buffer as the procedure became standardized
(Hungate, 1969).] Development of the Hungate technique was a major event after
1936 in the culture of methanogens. The ability to culture cells in pre-reduced
medium at an E, below —330 mV in roll-tubes or liquid medium was a major
advance over previous methods.

1960s

As the 1960s opened the major challenge to the field was to extend the whole-
cell physiological studies of methanogens to cell extracts and the enzymology of
methanogenesis. Johns and Barker (1960) reexamined the effect of hydrogen on
the culture of M. omelianskii. With cell suspensions they studied the effect of
hydrogen on the oxidation of ethanol to acetaldehyde and to acetate in the absence
of carbon dioxide, finding that in the presence of hydrogen essentially no oxidation
occurred. However, in the absence of hydrogen and carbon dioxide oxidation of
ethanol to acetaldehyde, acetate and hydrogen could be detected.

In 1961 Sidney Elsden and I obtained a culture of M. omelianskii from H. A.
Barker and began a study of amino acid synthesis from ['“C]-carbon dioxide and
['“C]-ethanol. The labeling patterns in the amino acids were definitive, and M.
Knight continued these studies in his thesis (Knight et al., 1966). I returned to
Urbana convinced that M. omelianskii could be mass cultured in sufficient quanti-
ties to prepare cell extracts (Wolfe, 1991). In 1963 we reported the formation of
methane from pyruvate and serine by extracts of M. omelianskii (Wolin et al.,
1963b).

Methyl Cobalamin Becomes an Important Tool

Blaylock and Stadtman (1963) showed that in the presence of pyruvate the
methyl group of methylcobalamin was reduced to methane by Methanosarcina
barkeri. These experiments were based on the work of D. D. Woods and
coworkers (Guest et al., 1962). The discovery that methylcobalamin could
donate the methyl group on the upper axial ligand for reduction to methane
was a pivotal event, and provided a tool for studying the enzymology of
methyl group reduction to methane. These studies were extended to extracts
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of M. omelianskii to show that in a hydrogen atmosphere the requirement for
pyruvate could be replaced by ATP (Wolin et al., 1963a), and later the cobalamin
product of methyl group reduction to methane was found to be B,,, (Wolin et al.,
1964b). Subsequently, the inhibition of this reaction by ADP and AMP was
shown, and the cell extract was resolved into two protein fractions, each of which
was required to effect methanogenesis from methylcobalamin (Wood and Wolfe,
1966b). The potent inhibition of methanogenesis by viologen dyes was also
discovered at this time by M. J. Wolin (Wolin et al., 1964a). Although it had
been known for sometime that methanogenic bacteria contained high quantities
of vitamin B,,, sewage sludge being an industrial source of the vitamin, it was
not until the work of Lezius and Barker (1965) that the corrinoid of M. omelianskii
was identified as Factor III, the 5-hydroxy-benzimidazolecobamide derivative.
Experiments by Wood et al. (1966) showed that the methyl group of methyl-
factor III or methyl factor B (the cobinamide derivative) was readily reduced to
methane by extracts of M. omelianskii. Subsequently, Wood and Wolfe (1966a)
reported the alkylation of an enzyme in the methane-forming system of M.
omelianskii, and these techniques were used to propylate with a '“C-label a B, ,-
enzyme that was involved in methanogenesis. The radio label was used to follow
purification of the protein and finally the label was removed by photolysis.
Blaylock and Stadtman (1966) reported a study of a soluble enzyme system from
M. barkeri. Later Blaylock reported a cobamide-dependent methanol-cyano-
cob(I)alamin methyltransferase from M. barkeri (Blaylock, 1968) and also re-
solved the methanogenic system into three protein fractions: a B,,-protein, an
uncharacterized protein, and ferredoxin, as well as an unusual cofactor. The
nature of the factor is unknown, but the fact that it also was found in extracts of
Clostridium sticklandii makes it unlikely that it was any of the known coenzymes
of methanogenesis.

The methylcobamide era was an exciting one and led to the discovery in the
late 1960s of coenzyme M (McBride and Wolfe, 1971a). After this event it
appeared that methylcobalamin, as such, was not a free intermediate in methano-
genesis from CO,, and interest in the methylreductase shifted to methyl coenzyme
M. For the methanogenic pathway it would be more than 15 years before the role
of cobamide enzymes in methyltransfer would be studied in greater detail.

Serine

With the discovery that L-serine served as a substrate for methanogenesis
(Wolin et al., 1963), it was soon discovered that carbon-3 of serine was the
source of methane and that folate derivatives, N°,N'*-methylenetetrahydrofolate
and N’-methyltetrahydrofolate, served as C, carriers for methanogenesis (Wood
etal., 1965; Wood and Wolfe, 1965). So in 1965 it appeared as if tetrahydrofolate
was involved as a major C, carrier in methanogenesis for M. omelianskii. This
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was curious, for Stadtman was unable to show any activity for folate derivatives
in extracts of Methanosarcina. At the time we assumed that these two very
different organisms had very different methanogenic pathways.

Resolution of Methanobacillus omelianskii

By 1966 considerable evidence on the physiology of the culture M. omelianskii
had accumulated. Ferredoxin had been found in extracts of M. omelianskii to be
involved in acetaldehyde oxidation (Brill and Wolfe, 1966), and it seemed logical
that this was the electron carrier that linked the oxidative steps with the reductive
steps, reduction of carbon dioxide to methane being thermodynamically more
favorable than the oxidation of ethanol to hydrogen (Stadtman, 1967). But within
the cell it appeared that these two processes cooperated rather poorly, and this
was reflected in the poor cell yields, which were equivalent to about 0.85 g per
mol of ethanol fermented; whereas with Methanosarcina cell yields were 3.3 g
per mol of methanol fermented (Stadtman, 1967).

Although the culture of M. omelianskii had been maintained for 30 years and
was considered to be one of the better understood methanogens, its status changed
dramatically in 1967, when Bryant et al. (1967) reported that the culture was an
association of two organisms. In the ethanol-carbonate medium of Barker (1936)
this association was actually a symbiotic one, for neither organism could grow
without the other. Oxidation of ethanol to acetate and hydrogen was thermody-
namically possible by the “S” organism only when the methanogen removed the
hydrogen by oxidizing it to reduce carbon dioxide to methane. The events leading
to resolution of the culture into the “S” organism and the hydrogen-oxidizing
methanogen, Methanobacterium M.o.H. (Methanobacterium bryantii) have been
related previously (Wolfe, 1991). The “S” organism opened up the concept of
interspecies hydrogen transfer (Wolin and Miller, 1982) that not only led to the
resolution of M. omelianskii but much later to the isolation in Bryant’s laboratory
of Syntrophomonas wolfei (Mclnemney, et al., 1981), which anaerobically oxi-
dizes butyrate to acetate and hydrogen in the presence of a methanogen or other
hydrogen-oxidizing anaerobe (MclInerney, 1992), as well as to Syntrophobacter
wolinii, which anaerobically oxidizes propionate to acetate, carbon dioxide and
hydrogen in the presence of appropriate hydrogen-oxidizing anaerobes (Boone
and Bryant, 1980; MclInemey, 1992). Thus, the cultures of the 1950s known as
Methanobacterium propionicum, and Methanobacterium suboxydans which were
reported to use fatty acids higher than acetate (Barker, 1956) were the result of
inadequate technology, the cultures very likely being syntrophic associations. In
addition, the cultures of Methanosarcina mazei and Methanothrix sohngenii at
that time also must have contained syntrophs, since they were reported to use
butyrate.

For cultivation of Methanobacterium M.o.H. a technology for growing anaer-
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obes on hydrogen and carbon dioxide was soon developed (Bryant et al., 1968).
Electron microscopy of hydrogen-grown methanogens was documented
(Langenberg et al., 1968). Cultures were scaled up to the 10-liter stage and
eventually to the 200-liter stage from which kilogram quantities of cells could be
obtained. Extracts of hydrogen-grown methanogens did use methylcobalamin as
a substrate for methanogenesis in a hydrogen atmosphere, but pyruvate and serine
were ineffective, and the C,-folate derivatives showed no activity. Folic acid was
not, in fact, a C, carrier in methanogens, and the results obtained with M.
omelianskii were due to enzymes from both the “S” organism and the methanogen.

The 1960s represented a pivotal period in the history of methanogenesis. The
door on the enzymology of methanogens was cracked open, mass culture of
methanogens on hydrogen-carbon dioxide and on methanol was developed, and
a number of curious observations due to mixed cultures were cleared up. As the
1960s drew to a close, experiments leading to the discovery of coenzyme M were
underway by McBride. Roberton documented ATP synthesis and ATP pools in
hydrogen-grown methanogens (Roberton and Wolfe, 1969, 1970). Since the
major energy-yielding step in methanogenesis was methyl group reduction to
methane (Stadtman, 1967), we assumed in 1968 that a possible substrate level
phosphorylation step occurred there. This seemed plausible as methyl group
reduction was catalyzed by soluble enzymes, vessicles not being required. It
would be 15 years before convincing evidence for a chemiosmotic basis for ATP
synthesis by methanogens was presented.

1970s

Because chapters of this book focus on recent events only some of the contribu-
tions are listed here, details being found in the chapters which follow. Study of
methanogenesis may be considered to have been largely in the lag phase in the
1970s with discovery of coenzymes, development of a pressurized atmosphere
for growing methanogens, and discovery of the archaebacteria.

1970-79: Some Historical Events in the Biochemistry of Methanogenesis

1970

ATP, ADP, AMP pools were documented in Methanobacterium (Roberton
and Wolfe, 1970)

1971

Discovery of coenzyme M (McBride and Wolfe, 1971)

Synthesis of dimethylarsine by extracts of Methanobacterium (McBride and
Wolfe, 1971)

1972
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Isolation of Methanobacterium thermoautotrophicum (Zeikus and Wolfe,
1972)

Isolation of F,,, (Cheesman et al., 1972)

1974

Structure of coenzyme M (Taylor and Wolfe, 1974a,b)

Coenzyme M is the growth factor required by M. ruminantium (Taylor et al.,
1974)

1975

F,,; is a coenzyme for formate dehydrogenase and hydrogenase (Tzeng et al.,
1975a,b)

Growth of methanogens in Petri plates (Edwards and McBride, 1975)

1976

Growth of methanogens in a pressurized atmosphere (Balch and Wolfe, 1976)

1977

Methanogens and discovery of the archaeobacteria (Fox et al., 1977, Woese
and Fox, 1977)

Methyl-coenzyme M stimulates CO, reduction to CH,, the RPG effect (Gunsa-
lus and Wolfe, 1977)

Fluorescence of individual cells is reported (Mink and Dugan, 1977)

1978

Structure of F,,, (Eirich et al., 1978)

Factors F,,, and F,;, are reported (Gunsalus and Wolfe, 1978)

Successful growth of Methanosarcina on acetate (Mah et al., 1978; Weiner
and Zeikus, 1978)

Bromoethansulfonate (BES) is a potent inhibitor of the methylreductase (Gun-
salus et al., 1978)

Yellow fluorescent compound (YFC) is reported (Daniels and Zeikus, 1978)

1979

Structure of F,,, is confirmed (Ashton et al., 1979)

Coenzyme M is found only in methanogens (Balch and Wolfe, 1979)

Methanogens are reevaluated (Balch-et al., 1979)

Cytochromes are found in methanol-grown cells (Kuhn et al., 1983)

Trimethylamine and other methyl-compounds serve as substrates (Hippe et al,
1979)

1980s

In the 1980s study of methanogenesis moved out of the lag phase into the log
phase. Publications increased dramatically as a critical mass of investigators
began to report results.
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1980-89; Some Historical Events in the Biochemistry of Methanogenesis

1980

A procedure for anaerobic column chromatography is developed (Gunsalus et
al., 1980)

Methylcoenzyme M reductase is resolved into components A, B, and C (Gunsa-
lus and Wolfe, 1980)

F,;, contains nickel (Whitman and Wolfe, 1980; Diekert et al., 1980b); and a
tetrapyrrole is proposed (Diekert et al., 1980a)

Syntrophic associations of methanogens and other organisms are grown in a
chemostat (Winter and Wolfe, 1980)

1981

Homogeneous component C of the methylreductase is yellow and has an a,8,y,
subunit composition (Ellefson and Wolfe, 1981)

1982

Carbon dioxide reduction factor is discovered (Romesser and Wolfe, 1982)

F,5 1s the chromophore of the methylreductase (Ellefson and Wolfe, 1982)

Synthetic medium for Methanococcus voltae (Whitman et al., 1982)

1983

b-Type cytochromes are found in acetate-grown cells (Kuhn et al., 1983)

Specific methyltransferases are found in methanol-grown cells (van der Meij-
den et al., 1983)

Resolution of component A of the methylreductase system into four compo-
nents (Nagle and Wolfe, 1983)

Plating efficiency of methanococci is reported (Jones et al., 1983)

F,,, is identified as a pterin derivative (methanopterin) (Keltjens et al., 1983)

1984

A trimethylamine:HS-CoM methyltransferase is described (Naumann et al.,
1984)

Structure of methanopterin (van Beelen et al., 1984)

Structure of methanofuran, carbon dioxide reduction factor (Leigh et al., 1984)

Tetrahydromethanopterin is a C, carrier at the methenyl, methylene, and methyl
levels (Escalante-Semerena et al., 1984)

A methanol:cobamide methyltransferase is described (van der Meijden et al.,
1984)

1985

Methanogen genes function in aerobically grown E. coli (Hamilton and Reeve,
1985)

Methanofuran is a formyl carrier in methanogenesis (Leigh et al., 1985)

Component A2 is purified to homogeneity (Rouviere et al., 1985)

F 50 1s a coenzyme for methylene-H,MPT dehydrogenase (Hartzell et al., 1985)
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N,-formyl-HMPT is the product of methenyl-H,MPT cyclohydrolase (Don-
nelly et al., 1985)

1986

Isolation of CODH enzyme complex, which contains a corrinoid protein, from
acetate-grown Methanosarcina (Terlesky et al., 1986)

Cloning, expression, and regulation by molybdenum of formate dehydrogenase
(Shuber et al., 1986).

Oxidation of CO is coupled to proton-motive-force-driven ATP synthesis in
acetate-grown cells (Bott et al., 1986)

5,10-Methenyl-HMPT cyclohydrolase is purified to homogeneity (DiMarco
et al., 1986)

Structure of component B is 7-mercaptoheptanoylthreonine phosphate (HS-
HTP) (Noll et al., 1986).

Growth of methanogens on 2-propanol and other alcohols as electron donors
(Widdel, 1986)

Formylmethanofuran:H,MPT formyltransferase is required for methanogenesis
from CO, (Donnelly and Wolfe, 1986)

F, is required for methylreductase activity (Hartzell and Wolfe, 1986)

Localization of component C (Ossmer et al., 1986)

Molyodopterin is a cofactor for formate dehydrogenase (May et al., 1986)

1987

Structure and expression of methylcoenzyme M reductase genes, mcr operon
(Cram et al., 1987)

Regulation of hydrogenase is found in M. barkeri (Bhatnagar et al., 1987)

Ni EPR signal of CODH from Methanosarcina is similar to that from Clostrid-
ium thermoaceticum (Terlesky et al., 1987)

HS-HTP is the electron donor for the methylreductase (Noll and Wolfe, 1987)

Acetyl-CoA is an intermediate in aceticlastic methanogenesis (Grahame and
Stadtman, 1987)

Chemical synthesis of HS-HTP (Noll et al., 1987)

HS-HTP functions as component B in an ATP-independent system (Ankel-
Fuchs et al., 1987)

Characterization, kinetics, and hydrogen transfer of the F,,-reducing hydro-
genase (Livingston et al., 1987, Fox et al., 1987)

Stereochemical course of methyl transfer from methanol (Zydowsky et al.,
1987)

CoM-S-S-HTP is a product of the methylreductase reaction (Bobik et al., 1987)

1988

CoM-S-S-HTP is the coenzyme product of the methylreductase (Ellerman et
al., 1988)

Ferredoxin is reduced by CODH from acetate-grown cells (Terlesky and Ferry,
1988)
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Methylation of a corrinoid protein occurs during aceticlastic methanogenesis
(van der Wijingaard, 1988)

Electrochemical gradient of Na" is produced during methanol oxidation (Muller
et al., 1988)

CoM-S-S-HTP replaces methylcoenzyme M for the RPG effect (Bobik and
Wolfe, 1988)

Cloning and characterization of methylcoenzyme M reductase genes (Bokranz
et al., 1988)

Oxygen causes the conversion of F,,, to F;o, and F,,G (Kiener et al., 1988)

Different methyltransferases are formed during methanol or acetate fermenta-
tion (Grahame, 1989)

CoM-S-S-HTP has a specific reductase (Hedderich et al., 1988)

Methanococcus voltae has an autotrophic acetyl-CoA biosynthetic pathway
(Shieh et al., 1988)

The methanoreductosome is defined (Mayer et al., 1988)

New EPR signals are assigned to nickel in the methylreductase (Albracht et
al., 1988)

1989

Identification of a hydrogenase-linked gene which encodes a polyferredoxin
(Reeve et al., 1989)

Methyl-H,MPT is an intermediate in aceticlastic methanogenesis (Fischer and
Thauer, 1989)

CODH from acetate-grown Methanosarcina has 4Fe-4S centers and an atypical
Fe-S center (Krzycki et al., 1989)

F.,, is a coenzyme for alcohol dehydrogenase (Widdel and Wolfe, 1989)

Dimethylsulfide is a substrate for a methylotrophic methanogen (Oremland et
al., 1989)

Alternative synthesis of CoM-S-S-HTP by fumarate reductase (Bobik and
Wolfe, 1989)

Formaldehyde reduction to CH, generates a primary electrochemical potential
of Na* (Kaesler and Schonheit, 1989)

Growth of methanogens on cyclopentanol and CO, (Bleicher et al., 1989)

Formylmethanofuran dehydrogenase (Borner et al., 1989; Karrasch, Borner,
et al., 1989)

P-type ATPase is characterized in M. voltae (Dharmavaran and Konisky, 1989)

Oxygen-stable CODH from Methanothrix (Jetten et al., 1989)

ATP synthesis is coupled to methylreductase in vesicles (Pinemann et al.,
1989)

Carbonic anhydrase is found in Methanosarcina (Karrasch, Bott, et al., 1989)

Component A3 is resolved into two components (Rouviére and Wolfe, 1989)

ATPase subunits of M. barkeri are similar to FF,-ATPases of eukaryotes
(Inatomi et al., 1989)
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1990-91: Some Historical Events in the Biochemistry of Methanogenesis

1990

Cloning and expression of genes encoding the F,,,-reducing hydrogenase from
M. thermoautotrophicum (Alex et al., 1990).

Two genetically distinct methylcoenzyme M reductases are identified in M.
thermoautotrophicum (Rospert et al., 1990)

ATP synthesis is coupled to CoM-S-S-HTP reduction (Pinemann et al., 1990)

CODH from acetate-grown cells catalyzes both synthesis and cleavage of
acetyl-CoA as well as CO exchange (Abbanat et al., 1990)

Reduction of CoM-S-S-HTP drives proton translocation (Deppenmeier et al.,
1990)

Cloning and expression of enzymatically active formylmethanofuran: HMPT
formyltransferase (DiMarco et al., 1990)

5,10-Methylene-H,MPT reductase is purified to homogeneity (t¢ Brommels-
troet et al., 1990; Ma and Thauer, 1990)

A complex cofactor contains HS-HTP (Sauer et al., 1990)

CoM-S-S-CoM reductase is described (Smith and Rouviére, 1990)

5,10-Methylene-H,MPT dehydrogenase with hydrogenase activity (Zirngibl et
al., 1990)

Spectrochemical studies reveal fine structural conformations of F,, (Olson et
al., 1990; Fruenlid et al., 1990; Zimmer and Crabtree, 1990; Won et al.,
1990)

Molybdopterin quanine dinucleotide is a cofactor for formylmethanofuran
dehydrogenase (Karrasch et al., 1990)

1991

Cloning and expression of genes for acetyl-CoA synthetase and carbon monox-
ide dehydrogenase from Methanothrix (Eggen et al., 1991a,b)

H,MPT accepts a methyl group from the CODH-corrinoid complex during
acetyl-CoA cleavage (Grahame, 1991)

Resolution of the corrinoid iron-sulfur component from CODH and its reduc-
tion to the CO'" state (Abbanat and Ferry, 1991)

Methylene-H,MPT dehydrogenase has two genetically distinct forms (von
Biinau et al., 1991)

CODH high-spin system in Methanotrix (Jetten et al., 1991)

Photoactivation of the methylreductase (Olson et al., 1991)

Detection of a methyl-nickel (II) F,;, (Lin and Jaun, 1991)

F,;, configuration assignments, coordination chemistry, models (Hamilton et
al., 1991; Kaplan et al., 1991; Farber et al., 1991; Renner et al., 1991)
Methylreductase preparations with a specific activity that approximates whole

cells (Rospert et al., 1991)
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Formylmethanofuran dehydrogenase contains molybdopterin dinucleotide and
molybdopterin hypoxanthine dinucleotide (Borner et al., 1991)

Some Thoughts on the Present and the Future

The era of discovery of coenzymes and enzymes of the methanogenic pathway
is now ending as it is very likely that most of the actors in this process have been
identified. There undoubtedly are surprises left, for Nature is always reluctant to
yield readily, methanogens being one of the last microbial groups to have their
metabolic pathways elucidated. Methanogens in many ways are now at the stage
where E. coli was in the 1950s. A major challenge is to develop convenient and
reliable genetic systems so that studies on control, regulation, and molecular
biology of methanogens may assume their rightful places in the future. The recent
finding of Schonheit that methanogens can be grown under non-methanogenic
conditions has enormous implications for the future! Control and regulation in
methanogens were once considered to be unlikely areas of promise. It now
appears that in addition to substrate variation that sophisticated regulation occurs
during growth on hydrogen and carbon dioxide; so far two fruitful systems have
been identified with two methylcoenzyme M reductases and two methylene-
H,MPT dehydrogenases being discovered in M. thermoautotrophicum. Undoubt-
edly this is just the beginning. Although enzymes have been identified, we know
nothing about the reaction mechanism of any of them. Because of its uniqueness
F,;, has attracted most attention. Analysis by X-ray crystallography of the methyl-
reductase is not far away and it will be exciting to discover the position of each
F,;, molecule in the methylreductase and the active site. Of all microbial groups
methanogens provide one of the best opportunities for an in depth study of
evolution; their unique biochemistry delineates a point of reference.
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Diversity and Taxonomy
of Methanogens

David R. Boone, William B. Whitman,
and Pierre Rouviére

1.1 Introduction

The production of methane is a ubiquitous, defining characteristic of methano-
gens. The production of methane or any other hydrocarbon as a major catabolic
product is unique to this group of microbes, which share many other characteris-
tics that are not common among other microbes. Phylogenetically, methanogens
are Archaeobacteria (Woese et al., 1978), a group of microbes that are distin-
guished from true bacteria by a number of characteristics, including the possession
of membrane lipids composed of isoprenoids ether-linked to glycerol or other
carbohydrates (De Rosa and Gambacorta, 1988; Jones et al., 1987; Langworthy,
1985), a lack of peptidoglycan containing muramic acid (Kandler and Hippe,
1977), and distinctive ribosomal RNA sequences (Balch et al., 1979; Woese,
1987). This group also includes some extreme halophiles and some extremely
thermophilic, sulfur-dependent microbes (Woese, 1987) and is phylogenetically
distinct from eukaryotes and true bacteria (Figure 1.1).

The catabolic pathways of methanogens can be divided into three groups: CO,-
reducing, methylotrophic, and aceticlastic pathways. The CO,-reducing pathways
use a series of four two-electron reductions to convert CO, or bicarbonate to
methane (Rouviere and Wolfe, 1988). Most methanogens can grow by using H,
as a source of electrons via hydrogenase; for some methanogens this is the
sole catabolic pathway (Whitman et al., 1991). Although the source of H, for
methanogenesis may be geologic, H, is more commonly obtained from other
bacteria that form it as a catabolic product. In many methanogenic environments,
this H, is utilized rapidly even when it is present at very low concentration (Wolin,
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1976). Thus, H, may never accumulate even though it is an important extracellular
intermediate.

Many H,-using methanogens can also use formate as an electron donor for the
reduction of CO, to CH,. Like H,, formate may be an important substrate for
methanogenesis even though its concentration in methanogenic environments is
low, because it is rapidly produced and consumed (Boone et al., 1989; Hungate
et al., 1970; Thiele and Zeikus, 1988). A limited number of methanogens can
also oxidize secondary alcohols for CO, reduction to methane, and an even
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smaller number can use some primary alcohols (Bleicher et al., 1989; Maestrojuian
et al., 1990; Widdel, 1986; Widdel et al., 1988; Zellner and Winter, 1987a).

Methylotrophic pathways catabolize compounds that contain methyl groups,
such as methanol (Schnellen, 1947), trimethylamine (Hippe et al., 1979), and
dimethyl sulfide (Kiene et al., 1986; Mathrani et al., 1988; Oremland et al.,
1989). Typically the methyl group is transferred to a methyl carrier (ultimately
to coenzyme M) and reduced to methane. Electrons for this methyl reduction
may be obtained by oxidizing a fraction of the methyl groups to CO, or by using
H, as an electron donor.

Acetate is degraded by many methylotrophic methanogens and by some rod-
shaped methanogens. This catabolic pathway (called the aceticlastic pathway)
splits acetate, oxidizes the carboxyl group to CO, and reduces the methyl group
to methane.

1.2 Taxonomy of Methanogens

Prior to the publication of the eighth edition of Bergey’s Manual in 1974 (see
Bryant, 1974), species of methanogenic bacteria were classified together with
nonmethanogens, based mainly on morphological criteria. Recognizing the physi-
ological unity of methanogens, Bryant reorganized their taxonomy by bringing
them together into a single group (Bryant, 1974). The validity of this idea
was later confirmed by phylogenetic analysis, especially the cataloging and
sequencing of 16S rRNA (Balch et al., 1979; Woese, 1987), which documented
the unity of methanogens and their evolutionary relationship with some extreme
halophiles and extremely thermophilic sulfur-dependent organisms. These organ-
isms are members of the kingdom Archaeobacteria (Woese et al., 1978). The
phylogeny of Archaeobacteria, as indicated by 16S TRNA sequences and taken
together with other unique features (e.g., chemistry of membrane lipids and outer
envelopes) described elsewhere in this book, led to the concept that Archaeobac-
teria are one of three major lines of descent, the other two being eukaryotes and
bacteria (Balch et al., 1979).

Later, a new taxonomic level higher than kingdom was proposed, with the
methanogens and other Archaeobacteria classified in the urkingdom “Archaea”
(Woese et al., 1990). At present neither the taxonomic rank of urkingdom
nor the name “Archaea” has been adopted by the International Committee for
Systematic Bacteriology. Therefore, the name is informal and enclosed in quotes.
The concept of urkingdoms is justified because the differences among the groups
Archaeobacteria, true bacteria, and eukaryotes are more profound than differ-
ences between the eukaryotic kingdoms (plants, animals, fungi, and protists).
With the establishment of the urkingdom “Archaea,” two archaeobacterial king-
doms were proposed (Winkler and Woese, 1991; Woese et al., 1990). The
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methanogens are included in the “Euryarchaeota,” which also contains the ex-
treme halophiles, Thermoplasma, and some of the nonmethanogenic extreme
thermophiles.

Although the methanogens are a phylogenetically coherent group, their diver-
sity is very great. This diversity has caused some confusion in their taxonomy,
and the phylogenetic depth of many taxa is not uniform either within the methano-
gens or with the common usage in the taxonomy of other bacteria. Historically,
this situation developed because the last major revision of methanogens’s taxon-
omy created taxa whose phylogenetic depth was much greater than common
usage in other groups of bacteria (Balch et al., 1979). While this strategy was
justifiable considering the small number of strains known at that time and the
general absence of quantitative phylogenetic data for the eubacteria, in the follow-
ing decade a large number of new taxa were described. Because many of these
taxa were created following the conventions commonplace in other bacterial
groups, the result was a taxonomy that was no longer uniform.

While there are few clear, quantitative rules to determine taxonomic rank from
the phylogeny or genetic relatedness, consistency of the taxonomy between major
groups of organisms has obvious advantages. Foremost of these is that it allows
the relationships between organisms to be inferred from taxonomy. As a practical
matter, this feature avoids confusion when investigators schooled in other areas
of bacteriology use the taxonomy. Within the methanogens, this problem is
illustrated by the biochemical studies of the methylreductase systems of Methano-
bacterium thermoautotrophicum, where detailed investigations of two different
strains, AH and Marburg, were compared. While the results from the two strains
were largely in agreement, some important differences were noted (Ellermann et
al., 1988; Rouviére et al., 1988). These differences are understood more fully
only with recognition of the substantial genetic differences between these strains,
which have DNA reassociation values of only 46% (determined by the spectropho-
tometric method) or 31-35% (determined by the S-1 nuclease method) (Brandis
et al., 1981; Touzel et al., 1992). For most groups of bacteria, reassociation
values this low are sufficient to warrant placement of the strains into separate
species (Wayne et al., 1987). Thus, the taxonomy of methanogens greatly over-
stated the relatedness of these strains.

A more profound consequence of a phylogenetically consistent taxonomy is
that it is predictive. This property can be explained by the following metaphor.
Imagine a huge library in which every volume is a bacterial species or group,
and the volumes are organized according to content. If the goal is to learn the
contents of every volume in the library, two strategies are available. The first is
to read every volume. The second is to read only selected volumes and discover
the organizing principles of the library. From this information, the contents of
the remaining volumes can then be inferred. The phylogeny provides some of the
organizing principles for the “library.” An understanding of the relationships
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between phenotype or the “contents” of the taxa and the phylogeny is also
required.

The taxonomy of methanogens presented below is an attempt to form taxa of
consistent depth within the methanogens, and whose depth is also consistent
with that of equal ranks used in taxonomy of other bacteria. For species-level
distinctions, the recommendations of the International Committee on Systematic
Bacteriology are followed (Wayne et al., 1987). Thus, we distinguish organisms
as separate species if their DNA reassociation is less than 70%, the change in the
melting temperature of their hybrid DNA is greater than 5°C, and substantial
phenotypic differences exist. Because the S-1 nuclease method of DNA:DNA
reassociation systematically underestimates relatedness when compared to other
reassociation methods, values obtained by the S-1 nuclease method were corrected
as proposed by Grimont et al. (1980). When 16S rRNA sequence data were
available, a similarity of less than 98% was considered evidence for separate
species (Devereux et al., 1990). However, sequence similarities of greater than
98% were not considered sufficient evidence that two organisms belonged to the
same species (Martinez-Murcia et al., 1992). For genera, interspecies DNA
reassociation values of less than 20-30% were considered indicative of separate
genera (Johnson, 1984). When 16S rRNA sequence data were available, a similar-
ity of less than about 93-95% was considered evidence for separate genera
(Devereux et al., 1990). This usage is consistent with the proposal of Fry et al.
(1991) for Legionella.

The usage of the rank of family has varied greatly in methanogen taxonomy
(cf. Balch et al., 1979; Zellner et al., 1989c). In general, this situation reflects
the ambiguous usage in other bacterial groups. For the taxonomy proposed below,
the rank of family was used to indicate closely related genera with low DNA
reassociation values and 16S ribosomal RNA sequence similarities greater than
88-93%. Similarly, in other bacterial groups families include organisms with
sequence similarities greater than 92-95% and exclude organisms with sequence
similarities less than 89-93% (Dewhirst et al., 1989, 1992). These values of
sequence similarity are consistent with the IRNA clusters defined by DelLey and
coworkers for rRNA hybridizations, where families include organisms whose
hybrids have a AT, of 5-8°C and exclude organisms where the hybrids have a
AT,,,, of 10-14°C (Colwell et al., 1986; De Smedt and De Ley, 1977; De Smedt
et al., 1980; Gillis and De Ley, 1980; Rossau et al., 1989). Likewise, family
limits for catalog data are proposed by Fox and Stackebrandt to be S,, values
of 0.5-0.6, which correspond to sequence similarities of 88-91% (Fox and
Stackebrandt, 1987). This usage was chosen to avoid under-representation of the
phylogenetic diversity in the taxonomy even though it leads to recognition of
some families for which only a single species has been described. As emphasized
by others, phylogenetic family definitions must also be consistent with phenotypic
differences and hence must be fairly flexible (Fox and Stackebrandt, 1987).
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The rank of order was used to recognize deep phylogenetic differences between
families. Higher ranks of class and division were not used because their meaning
is not well established. Because some nonmethanogenic halophilic archaeobact-
eria are specifically related to certain groups of methanogens (Burggraf, Ching, et
al., 1991), it is also likely that these higher ranks would include nonmethanogens.

1.3 Taxa of Methanogens

The proposed taxonomy is presented in Table 1.1. Methanogens are classified
into five orders within the kingdom Archaeobacteria. Three of these, Methano-
bacteriales, Methanococcales, and Methanomicrobiales, were described in Ber-
gey’s Manual of Systematic Bacteriology (Boone and Mah, 1989). Subsequently,
the methylotrophic and aceticlastic methanogens were separated from Methanomi-
crobiales to form Methanosarcinales (Rouviére et al., 1991). In addition, a novel
organism was discovered and placed in a new order, Methanopyrales (Burggraf,
Stetter, et al., 1991).

Changes in taxonomy and orthographic variations have also given rise to
different names being used for the same species. To aid in literature searches and
to minimize the confusion, these synonyms and spelling variations are compiled
in Table 1.2.

1.3.1 Methanobacteriales

Methanobacteriales is an order of mainly rod-shaped methanogens which grow
by CO, reduction; members of one of its genera (Methanosphaera) are cocci that
grow only by using H, to reduce methanol to methane. Methanobacteriales strains
contain pseudomurein cell walls that often cause Gram-stain results to be positive.
The order Methanobacteriales comprises two families, Methanobacteriaceae and
Methanothermaceae.

Methanothermaceae contains a single genus, Methanothermus, of extremely
thermophilic methanogens (Table 1.3). Methanothermus strains can be distin-
guished from other members of this order by their high temperature optima of
83-88°C. These rod-shaped methanogens grow on CO, and H,. The two species
of this genus, Methanothermus fervidus and Methanothermus sociabilis, are
physiologically similar (Table 1.3) although they are phylogenetically distinct
(Lauerer et al., 1986).

Methanobacteriaceae is a diverse family, which includes the genera Methano-
bacterium, Methanothermobacter gen. nov., Methanobrevibacter, and Metha-
nosphaera. In general, Methanobacterium and Methanothermobacter species
require few if any organic nutrients and grow at pH values near neutrality,
but some species are alkaliphilic or acidophilic (Tables 1.4-1.6). Species of



Table 1.1 Taxonomy of methanogenic bacteria

Order Order
Family Family
Genus Genus
Species Species
Methanobacteriales Methanomicrobiaceae (Continued)
Methanobacteriaceae Methanoplanus
Methanobacterium M. limicola, M. endosymbiosus
M. formicicum, M. bryantii, Methanoculleus

X

. uliginosum, M. alcaliphilum,
M. ivanovii, M. thermoalcaliphilum,
M. thermoaggregans, M. espanolae,
M. thermophilum, “M. palustre”
Methanothermobacter gen. nov.
M. thermoautotrophicus comb. nov.,
M. wolfeii comb. nov
Methanobrevibacter
M. arboriphilicus, M. ruminantium,
M. smithii
Methanosphaera
M. stadtmaniae, M. cuniculi
Methanothermaceae
Methanothermus
M. fervidus, M. sociabilis
Methanococcales
Methanococcaceae
Methanococcus
M. vannielii, M. voltaei,
M. maripaludis, “M. aeolicus”
Methanothermococcus gen. nov.
M. thermolithotrophicus comb. nov.
Methanocaldococcaceae fam. nov.
Methanocaldococcus gen. nov.
M. jannaschii comb. nov.
Methanoignis gen. nov.
M. igneus
Methanomicrobiales
Methanomicrobiaceae
Methanomicrobium
M. mobile
Methanolacinia
M. paynteri
Methanogenium
M. cariaci, M. organophilum,
M. liminatans

M. olentangyi, M. marisnigri,
M. thermophilicus
Methanofollis gen. nov.
M. tationis comb. nov.
Methanocorpusculaceae
Methanocorpusculum
M. parvum, M. labreanum,
M. bavaricum, M. sinense
Methanospirillaceae fam. nov.
Methanospirillum
M. hungateii
Methanosarcinales
Methanosarcinaceae
Methanosarcina
M. barkeri, M. mazeii,
M. thermophila, M. acetivorans,
M. vacuolata
Methanolobus

M. tindarius, M. siciliae, M. vulcani,

M. oregonensis comb. nov.
Methanococcoides
M. methylutens
Methanohalophilus
M. mahii, M. halophilus
Methanohalobium
M. evestigatum
Methanosalsus gen. nov.
M. zhilinaeae comb. nov.
Methanosaetaceae fam. nov.
Methanosaeta
M. concilii, M. thermophila comb.
nov.
Methanopyrales ord. nov.
Methanopyraceae fam. nov.
Methanopyrus
M. kandleri
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44 D. R. Boone, W. B. Whitman, and P. Rouviére

Table 1.3 Characteristics of Methanothermus species”

Species
Property Sfervidus sociabilis
Morphology Rod Rod
Cell width (um) 0.3-0.4 0.3-0.4
Cell length (um) 1-3 3-5
Forms flocs - +
Gram stain + +
Optimum temp (°C) 77-83 88
Temperature range (°C) 60-97 55-97
Optimum pH 6.5 6.5
pH range <7.0 5.5-7.5
Substrates H, H,
Autotrophic growth NR® +
Growth factors® YE None
mol% G+C 33 (Tm, Le)* 33 (Tm), 32 (Lc)
Type strain V245 Kf1-F1
Culture collections® DSM 2088, OCM 153 DSM 3496, OCM 173

“References: Lauerer et al., 1986; Stetter et al., 1981.

*NR = not reported.

‘YE = yeast extract.

“Tm = determined by melting point, Lc = determined by liquid chromatography.
“Culture collections: DSM = Deutsche Sammlung von Mikroorganismen (Braunschweig,
Germany); OCM = Oregon Collection of Methanogens (Beaverton, OR, USA).

Methanobacterium are mesophiles or thermophiles. However, we propose a new
genus, Methanothermobacter, and it is possible that future phylogenetic analysis
will lead to the transfer of the current thermophilic species of Methanobacterium
into this new genus. If that occurs, the circumscription of Methanobacterium
should be modified to exclude thermophilic organisms.

The physiology of mesophilic strains of Methanobacterium is shown in Table
1.4. Methanobacterium formicicum is the oldest described species of Methano-
bacterium. Methanobacterium bryantii has some physiological and morphologi-
cal differences from M. formicicum, including the inability of the latter to catabo-
lize formate. The phylogenetic distinction between these two strains was
documented by DNA reassociation of 22% (Zellner et al., 1989a). The phylo-
genetic distinction of Methanobacterium uliginosum is based on low DNA reasso-
ciation with M. bryantii and on a much lower mole percent guanine plus cytosine
than M. formicicum (Konig, 1984). Methanobacterium alcaliphilum is differenti-
ated by its growth at high pH and high mole percent guanine plus cytosine (Boone
et al., 1986; Worakit et al., 1986). The differentiation of Methanobacterium
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Table 1.6. Characteristics of Methanobrevibacter species’

Species o

Properties ruminantium arboriphilicus smithii
Morphology Short rod Short rod Short rod
Cell width (um) 0.7 0.6 0.6-0.7
Cell length (wm) 0.8-1.7 1.2-1.4 1.0-1.5
Chains + - +
Gram stain + + +
pH:optimum NR® 7.0-8.0 NR

range NR 6-8.5 NR
T(°C):optimum 37-39 33-40 37-39

range NR 2045 NR
Inhibition by bile salts + + -
Substrates® H,, for H, (for) H,, for
Autotrophy - + +
Growth factors? ac, B-vit, B-vit (ac), B-vit

(CoM, 2 MB, aa)

mol% G+C° 31 (Bd) 28-32 (Tm, Bd) 30 (Tm), 31 (Bd)
Type strain M1 DHI1 PS
Culture collections’ DSM 1093  DSM 1125, OCM 147 DSM 861, OCM 144

“References: Bryant et al., 1971; Lovley et al., 1984; Miller, 1989; Miller et al., 1982,
1986; Smith and Hungate, 1958; Zeikus and Hennig, 1975.

’NR = not reported.

“Substrates for methanogenesis: H, = hydrogen gas; for = formate. Parentheses indicate
that activity towards this substrate was reported for some strains.

Growth factors: ac = acetate; B-vit = B vitamins; CoM = coenzyme M; 2-MB = 2-
methylbutyrate; aa = amino acids. Parentheses indicate that the factors are required for
only some strains or are stimulatory.

‘Bd = determined by buoyant density; Tm = determined by melting point.

Culture collections: DSM = Deutsche Sammlung von Mikroorganismen (Braunschweig,
Germany); OCM = Oregon Collection of Methanogens (Beaverton, USA).

ivanovii from M. bryantii is based on a large number of physiological differences
(Jain et al., 1987), although many of the physiological differences are small and
most of these were not determined at the same time and in the same laboratory.
The justification of M. ivanovii as a separate species would also benefit from a
sharper contrast to M. uliginosum. Methanobacterium espanolae is an acidophilic
species, and its taxonomic separation from other species is based in part on its
growth at low pH (Patel et al., 1990). This species appears to be most closely
related to M. bryantii, M. formicicum, and M. uliginosum. 1t has only 47%
DNA reassociation with M. bryantii (Patel et al., 1990), but no reassociation
experiments between M. espanolae and other Methanobacterium species have
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been done. These are needed to confirm M. espanolae as a separate species.
“Methanobacterium palustre” has been proposed as a new species of methanogen,
although the name has not yet been validated. Phylogenetically, it has been
distinguished from M. formicicum and M. bryantii by DNA reassociation studies,
but separation from other mesophilic species of Methanobacterium is based on
physiological studies and polyamine content. The establishment of “M. palustre”
as a distinct species of Methanobacterium should be corroborated by further
phylogenetic analysis.

Analysis of 16S rRNA sequences indicates that the branching of Methanobact-
erium thermoautotrophicum and Methanobacterium wolfeii from mesophilic
Methanobacterium species is sufficiently deep (Figure 1.2) that these thermophilic
species should be separated into a new genus. Therefore, we propose to transfer
them to Methanothermobacter gen. nov., with Methanothermobacter thermoau-

Methanobrevibacter smithii

AMoth B o

e ter arboriphilicus

Methanob ium bryantii

Methanobacterium formici

Moth.

sphaera stadtmaniae

Methanothermobacter wolfeii
[“..' thanoth bacter ther trophi

Moth,

hermus fervidus

Meth ielii

Tc. celer

10%

Differences in sequence similarity

Figure 1.2. Phylogenetic relationships of Methanobacteriales based on partial sequences
of 16S rRNA.
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totrophicus comb. nov. as the type species and Methanothermobacter wolfeii
comb. nov. as the second species of this new genus of thermophilic, hydrogeno-
trophic, rod-shaped methanogens.

Methanobacterium thermoformicicum was proposed as a species of thermo-
philic Methanobacterium, distinguished from M. thermoautotrophicus mainly by
its ability to catabolize formate (Zhilina and Ilarionov, 1985). However, this
species was later found to be a synonym of Methanothermobacter thermoautotro-
phicus (= Methanobacterium thermoautotrophicum) (Touzel et al., 1992). Meth-
anobacterium thermoalcaliphilum and Methanobacterium thermoaggregans were
also proposed as thermophilic species of Methanobacterium, and their separation
from Methanothermobacter thermoautotrophicus and Methanothermobacter
wolfeii was based on physiological differences (see Table 1.5) and a difference
in mole percents of guanine plus cytosine. However, the comparisons of mole
percents of guanine plus cytosine were not based on values obtained in the same
laboratory and may not be reliable. Also, when physiological characteristics such
as pH optima are used as distinguishing characteristics, new organisms should
be compared to type strains examined at the same time (although this practice is
not common at present). More phylogenetic data are needed to ensure that these
species are distinct from each other and from Methanothermobacter thermoauto-
trophicus and to determine whether they should be transferred to the genus
Methanothermobacter. Methanobacterium thermophilum is another species of
thermophilic methanogen which might also belong in the genus Methanothermo-
bacter. The major characteristic which differentiates this organism is a lower
temperature optimum (57°C) (Laurinavichyus et al., 1988). This organism was
also reported to require coenzyme M, although the growth rate in mineral medium
with Ni added was similar to the rate in medium with coenzyme M (Laurinavi-
chyus et al., 1988). As with M. thermoalcaliphilum and M. thermoaggregans,
more phylogenetic data are needed to determine whether the species is phylogenet-
ically distinct and whether it should be transferred to Methanothermobacter.
DNA reassociation experiments further suggest that this genus should contain at
least one additional species, represented by strain Marburg, which has sometimes
been classified within M. thermoautotrophicus.

Methanobrevibacter strains use H, or formate to reduce CO, to CH,. They are
very short rods or cocco-bacilli, mesophilic, and sometimes have complex organic
requirements (Table 1.6). The species (Methanobrevibacter ruminantium, M.
arboriphilicus, and M. smithii) are well distinguished by DNA reassociation
experi ments (Miller and Wolin, 1986). Commonly found in the gastrointestinal
tract or feces of mammals, a number of isolates have been described whose
taxonomy is uncertain (Lovley et al., 1984; Miller and Wolin, 1986; Miller et
al., 1986; Misawa et al., 1986).

Methanosphaera are cocci which occur singly or in small groups. They grow
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only by using H, to reduce CH,0OH to CH,. The two species (Methanosphaera
stadmaniae and M. cuniculi) are similar in their characteristics (Table 1.7) but
phylogenetically distinct (Biavati et al., 1988).

1.3.2 Methanococcales

Methanococcales is an order of coccoid, marine methanogens. They are slightly
halophilic, and most are chemolithotrophic, growing by using H, or formate to
reduce CO, to CH,. Previously, a single family (Methanococcaceae) and genus
(Methanococcus) comprised all species in Methanococcales. Most strains are
mesophilic, and we propose to transfer the three thermophilic species to separate
genera, leaving only mesophilic organisms in Methanococcus (Table 1.8). This
reorganization is justified by the low 16S rRNA sequence similarity between the
mesophilic and thermophilic species (Figure 1.3). In addition, the mesophilic
species are related at the genus level by the criteri on of DNA reassociation values
(Keswani and Whitman, unpublished data).

Methanococcus thermolithotrophicus grows most rapidly at 65°C (Table 1.9).
We propose to transfer this species to Methanothermococcus gen. nov. as Metha-
nothermococcus thermolithotrophicus comb. nov. Methanothermococcus is a

Table 1.7 Characteristics of Methanosphaera species”

Species

Property stadtmaniae cuniculi
Morphology Coccus Coccus
Cell diameter 1.0 0.6-1.2
Gram stain + +
pH:optimum 6.5-6.9 6.8

range NR® NR
T(°C) optimum 37 35-40
Substrate* H, + Me H, + Me
Growth factors* ac, ile, leu, thiamine, biotin ac, YE, Trypticase
mol% G+C° 26 (Tm) 23 (Tm)
Type strain MCB-3 1R7
Culture collection” DSM 3091 DSM 4103, OCM 183

“References: Biavati et al., 1988; Miller and Wolin, 1983, 1985.

’NR = not reported.

“Substrates for methanogenesis are H, plus methanol.

“Growth factors: ac = acetate; ile = isoleucine; leu = leucine; YE = yeast extract.
‘Tm = determined by melting point.

Culture Collection: DSM = Deutsche Sammlung von Mikroorganismen (Braunschweig,
Germany); OCM = Oregon Collection of Methanogens (Beaverton, USA).
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Table 1.8 Characteristics of mesophilic Methanococcus species”

Species

Property vannielii voltaei maripaludis  “aeolicus”
Morphology Coccus Coccus Coccus Coccus
Diameter («m) 1.3 1.5 1.0 1.7
Gram stain - - - -
Motility + + + +
pH: optimum NR® 6.0-7.0 6.8-7.2 NR

range 7-9 5.8-8.0 6.4-8.2 NR
T(°C):optimum 3540 35-40 35-39 NR

range 2040 2045 18-47 NR
Substrates® H,, for H,, for H,, for H,, for
Autotrophy + - + +
Growth factors? None ac, ile, leu, (PL) (ac, CA) None
NaCl (M):optimum - 0.4 0.4 -

range 0.06-0.8 0.1-1.1 0.06-0.8 0.2-0.8
mol% G+C* 31 (Bd), 33 (Lc) 30 (Lc), 31 (Bd) 33 (Bd, Lc) 30 (Leo)
Type strain SB’ PS JJ PL-15/H
Culture collections® DSM 1224, DSM 1537, DSM 2067 -

OCM 148 OCM 70

“References: Corder et al., 1983; Jarrell and Koval, 1989; Jones and Stadtman, 1975;
Jones et al. 1983b, Stadtman and Barker, 1951; Ward et al., 1989; Whitman, 1989,
Whitman et al., 1982, 1986, 1987.

’NR = not reported.

“Substrates for methanogenesis: H, = hydrogen gas; for = formate.

“Growth factors: ac = acetate; ile = isoleucine; leu = leucine; PL = pantoyl lactone; CA
= Casamino acids. Parentheses indicate that factors were stimulatory but not required.
‘Bd = determined by buoyant density; Lc = determined by liquid chromatography.
"Unnamed by original authors, but called “strain SB” by other authors.

Culture collections: DSM = Deutsche Sammlung von Mikroorganismen (Braunschweig,
Germany); OCM = Oregon Collection of Methanogens (Beaverton, USA).

thermophilic genus of marine cocci, placed within the family Methanococcaceae,
and Methanothermococcus thermolithotrophicus is the type species.
Methanococcus jannaschii is a second thermophilic former member of the
genus Methanococcus, growing most rapidly at 85 °C (Table 1.9). We propose
to transfer Methanococcus jannaschii to a new genus, Methanocaldococcus gen.
nov., as Methanocaldococcus jannaschii comb. nov. Methanocaldococcus is thus
a genus of extremely thermophilic marine methanogens, with Methanocaldococ-
cus jannaschii as the type species. This genus is the type genus of Methanocaldo-
coccaceae fam. nov., in the order Methanococcales. These new taxa are justified
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"M oth s aeolicus"
~Methanococcus maripaludis
—n Methanococcus deltae
— Meth us felii
— Meth. voltaei
Methanother thermolithotroph
Methanoignis igneus
Meth 14, Ji bii
Meth ium formici
Tc. celer
10%

Differences in sequence similarity

Figure 1.3. Phylogenetic relationships of Methanococcales based on partial sequences of
16S IRNA.

by the physiological and phylogenetic differences (Figure 1.3) between Methano-
caldococcus jannaschii and other methanococci.

Methanococcus igneus (Table 1.9) is a third species previously classified in
the genus Methanococcus, which we propose to transfer as the type species of a
new genus, Methanoignis, as Methanoignis igneus comb. nov. Although 16S
TRNA sequence analysis does not indicate a specific relationship to either M.
Jannaschii or the Methanococcaceae (Burggraf et al., 1990), M. igneus is an
extreme thermophile with measurable DNA reassociation with M. jannaschii.
Thus, it is classified within the Methanocaldococcaceae at present.

1.3.3 Methanomicrobiales

Until recently, the order Methanomicrobiales was considered to contain at least
three families, Methanomicrobiaceae, Methanosarcinaceae, and Methanocor-
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Table 1.9 Characteristics of thermophilic Methanococcales species®

Methanothermococcus ~ Methanoignis Methanocaldococcus

Property thermoautotrophicus igneus jannaschii
Morphology Coccus Coccus Coccus
Diameter (xm) 1.0 1.3-1.8 1.0
Gram stain - - -
Motility + (+)° +
pH: optimum 6.5-7.5 5.7 6.0-6.5
range 6.5-8 5-7.5 5.2-7.6
T(°C): optimum 65 88 85
range 30-70 45-91 48-94
Substrates® H,, for H, H,, (for)
Autotrophy + + +
Growth factors® None None (YE)
NaCl:(M) optimum 0.7 0.3 0.3-0.7
range 0.2-1.4 0.08-1.2 0.1-0.85
mol% G+C° 31 (Tm), 34 (Lc) 31 (Tm) 31 (Bd,Lc), 33 (Tm)
Type strain SN1 Kol5 JAL-1

Culture collectio”’ ~ DSM 2095, OCM 138  DSM 5666 DSM 2661, OCM 168

“References: Burggraf et al., 1990; Hatchikian et al., 1989; Huber et al., 1982; Jones et
al., 1983a, 1989; Zhao et al., 1988.

*Flagella observed by electron microscopy, motility not observed.

‘Substrates for methanogenesis: H, = hydrogen gas; for = formate. Parentheses indicate
that activity towards this substrate was reported for some strains.

“YE), yeast extract was stimulatory to growth.

‘Bd = determined by buoyant density; Tm = determined by melting point; Lc = deter-
mined by liquid chromatography.

Culture collections: DSM = Deutsche Sammlung von Mikroorganismen (Braunschweig,
Germany); OCM = Oregon Collection of Methanogens (Beaverton, USA).

pusculaceae. Another proposal recognized the family Methanoplanaceae, contain-
ing the genus Methanoplanus. However, phylogenetic data showed that species
of Methanoplanus (the genus which is the sole member of Methanoplanaceae)
are not phylogenetically separate from the family Methanomicrobiaceae. Thus,
our taxonomy classifies the genus Methanoplanus as a member of the family
Methanomicrobiaceae, and does not recognize the family Methanoplanaceae.

The family Methanosarcinaceae was originally classified as a family of Metha-
nomicrobiales, but it is now separated into a fourth distinct order of methanogens,
the Methanosarcinales.

The remaining members of Methanomicrobiales, like members of the orders
Methanobacteriales and Methanococcales, contain mainly organisms which grow
by using H, to reduce CO, to CH,. Formate is a common electron donor for CO,
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reduction, and alcohols are used by some species (Tables 10—14). Almost all
species of Methanomicrobiales require acetate as a source of cell carbon, and
many have additional, complex nutritional requirements. Cultures are mesophilic
or thermophilic, and they are generally slightly halophilic. The cell wall of
Methanomicrobiales is usually only a protein layer (S-layer), but an external
sheath is present in one species (Methanospirillum hungateii). The protein cell
wall makes many Methanomicrobiales osmotically sensitive: they are lysed by
dilute detergents or hypotonic shock. The shape is usually irregularly coccoid,
but they may appear as plate-shaped or rod-shaped cells. The shape of the
sheathed species, Methanospirillum hungateii, is a gentle a-helical spiral which is
conferred by the sheath.

The family Methanocorpusculaceae contains a single genus of coccoid, hydro-
genotrophic methanogens (Methanocorpusculum). These are coccoid methano-
gens which oxidize H,, formate, or alcohols and reduce CO, to methane (Table
1.10). DNA reassociation studies (Xun et al., 1988) were the basis of the transfer
of some coccoid species to this genus (Maestrojuén et al., 1990), but we consider
Methanocorpusculum parvum and M. aggregans to be members of the same
species. DNA reassociation studies which use S1 nuclease tend to give lower
values than membrane-filter methods, so that even though Xun et al. (1988) found
reassociation values between these strains of about 70%, these would likely
have greater than 70% similarity if determined by membrane-filter methods.
Methanocorpusculum labreanum has only 31% sequence similarity to the type
strain of M. parvum (determined by S1 nuclease [Xun et al., 1989]) and only
48% with M. parvum MSt (formerly M. aggregans MSt) (Xun et al., 1989),
supporting the segregation of M. labreanum as a species separate from M.
parvum.

Methanocorpusculum bavaricum and Methanocorpusculum sinense were de-
scribed later (Zellner et al., 1989). Whole-cell protein electrophoresis and other
characteristics (Zellner et al., 1989) suggest that these two species are distinct
and different from M. parvum, but no comparison was made to the other Methano-
corpusculum species, M. labreanum.

Methanomicrobiaceae, the other family of Methanomicrobiales, contains sev-
eral genera that are diverse in morphology, physiology, and phylogeny. The
evolutionary deepness of the branching of Methanospirillum (Figure 1.4) from
other members of this family supports its separation into a new family within
Methanomicrobiales, the Methanospirillaceae. This family contains a single
genus and species (Methanospirillum hungateii) (Table 1.11). The family Metha-
nomicrobiaceae contains the genera Methanomicrobium, Methanolacinia, Meth-
anogenium, Methanoplanus, Methanoculleus, and Methanofollis gen. nov.

The genera Methanomicrobium and Methanolacinia each contain a single
species (Table 1.11). We propose to transfer Methanogenium tationis as the type
and only species of the new genus Methanofollis as Methanofollis tationis.
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Table 1.13 Characteristics of Methanoplanus species®

Species

Property limicola endosymbiosus
Morphology Plate Disc
Dimensions 1-3X1-2x0.1-0.25 1.6-3.4
Gram stain - NR”
Motility* (+) -
Flagellation Polar tuft Peritrichous
pH:optimum 6.5-7.5 6.8-7.3
T(°C):optimum 40 32

range 1741 16-36
NaCl (M):optimum 0.17 0.25

range 0.07-0.92 <0.75
Substrates” H,, for H,, for
Autotrophy - NR
Growth factors® ac (YE) p-cresol, (YE)
mol% G+C’ 48 (Tm) 39 (Tm)
Type strain M3 MCI1
Culture collections® DSM 2279 DSM 3599, OCM 102

“References: van Bruggen et al., 1986; Wildgruber et al., 1982.

*NR = not reported.

‘Motility: (+) = weakly motile; — = nonmotile.

“Substrates for methanogenesis: H, = hydrogen gas; for = formate.

‘Growth factors: ac = acetate; YE = yeast extract. Parentheses indicate factors that are
stimulatory but not required for growth.

Tm = determined by melting point.

#Culture collections: DSM = Deutsche Sammlung von Mikroorganismen (Braunschweig,
Germany); OCM = Oregon Collection of Methanogens (Beaverton, OR, USA).

Methanogenium is a genus of marine methanogens, comprising three species,
Methanogenium cariaci, Methanogenium organophilum, and Methanogenium
liminatans; “Methanogenium frittonii” has been described but never validated
(Table 1.12).

Methanoplanus comprises two species, Methanoplanus limicola and Metha-
noplanus endosymbiosus (Table 1.13).

The genus Methanoculleus contains four species, Methanoculleus bourgensis,
M. marisnigri, M. thermophilicus, and M. olentangyi (Table 1.14). Just as M.
parvum and M. aggregans should be considered as subjective synonyms, DNA
reassociation data (Xun et al., 1989) suggest that M. bourgensis and M. olentangyi
are synonyms. M. olentangyi is the senior (older) synomym, so the species must
be called M. olentangyi. However, this action removes M. bourgensis, the type
species of Methanoculleus, from the taxonomy, so the genus should be conserved
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Table 1.14 Characteristics of Methanoculleus species”

Species

Property olentangyi marisnigri thermophilicum
Morphology Irregular coccus Irregular coccus Irregular coccus
Diameter (pm) 1-2 1-2 0.7-1.8
Gram stain - - NR
Motility” - NR® (+)
Flagellation None Peritrichous One
pH:optimum 6.7 7-8 6.7-7.2

range 5.5-8.0 6-8.7 6.2~8.0
T(°C):optimum 37 40 55-60

range 30-50 25-55 30-60
NaCl range(M) <0.4 <1.0 <0.4
Substrates? H,, for, (iP, iB) H,, for, iP, iB H,, for
Autotrophy - - -
Growth factors’ ac (YE, Tryp) ac, peptone ac
mol% G+ 54-59 (Bd) 61-62 (Bd) 56-57 (Tm),

59-60 (Bd)

Type strain RC/ER JR1 CR-1

Culture collections®* DSM 2772, OCM 52 DSM 1498, OCM 56 DSM 2373

“References: Corder et al., 1983; Ferguson and Mah, 1983; Maestrojudn et al., 1990;
Ollivier et al., 1986; Rivard and Smith, 1982; Zabel et al., 1985.

*NR = not reported.

‘Motility: — = nonmotile, (+) = weakly motile.

“Substrates for methanogenesis: H, = hydrogen gas; for = formate; iP = isopropanol; iB
= isobutanol.

“Growth factors: ac = acetate; YE = yeast extract; Tryp = Trypticase peptones.

/Bd = determined by buoyant density; Tm = determined by melting point, Lc = deter-
mined by liquid chromatography.

£Culture collections: DSM = Deutsche Sammlung von Mikroorganismen (Braunschweig,
Germany); OCM = Oregon Collection of Methanogens (Beaverton, OR, USA).

by an Opinion of the Judicial Commission; a request for such an Opinion has
been submitted.

The other species of Methanoculleus (M. marisnigri and M. thermophilicus)
are phylogenetically distinct from M. olentangyi (Xun et al., 1989).

1.3.4 Methanosarcinales
The family Methanosarcinaceae was recently proposed to be separated into a

new order, Methanosarcinales (Rouviére et al., 1991). This proposal is taxonomi-
cally sound because the separation is consistent with the phylogenetic separation
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Methanofollis tationis

[Methanoculleus olentangyi MS2
A
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Figure 1.4. Phylogenetic relationships of Methanomicrobiales based on partial sequences
of 16S rRNA.

of these organisms and consistent with conspicuous physiological distinction.
The genera classified as Methanosarcinales include Methanosarcina, Methano-
saeta (= Methanothrix), Methanolobus, Methanococcoides, Methanohalophilus,
and Methanohalobium. The genus Halomethanococcus (Yu and Kawamara,
1987) could also be included; however, we excluded this genus because it is
impossible to know whether it is distinct from other genera and species which
have precedence. There are no known cultures of the type strain of the only
species of the genus (Halomethanococcus doii 1Y-1) with which to do comparative
studies, and the published description does not clearly differentiate this genus
from Methanohalophilus or Methanohalobium, nor the species Halomethanococ-
cus doii from Methanohalophilus halophilus or from Methanohalobium evesti-
gatum.

The order Methanosarcinales comprises two families, Methanosarcinaceae
and Methanosaetaceae fam. nov. Members of Methanosarcinaceae are all meth-



Diversity and Taxonomy of Methanogens 61

ylotrophic, that is, they grow by catabolizing methyl-group containing com-
pounds such as methanol, methylamines, or methyl sulfides (Tables 1.15, 1.16,
1.17). All known strains can grow by dismutating trimethylamine (to ammonia,
carbon dioxide, and methane) or methanol (to methane and carbon dioxide).
Many can also grow by using H, to reduce CO, to methane or by splitting acetate
(to methane and carbon dioxide). No other methanogens are methylotrophic,
except Methanosphaera species, which reduce methanol to methane (in contrast
to Methanosarcinaceae , Methanosphaera require H, as electron donor for methyl-
group reduction). Although some Methanosarcinaceae can also grow on H, plus
CO,, their apparent affinity for H, suggests that they may not be competitive
for H, in natural environments. None use formate as a catabolic substrate.
Methanosarcinaceae are mesophilic or thermophilic, and habitats range from
fresh water to saturated brines. Members of Methanosarcinaceae often have no
requirements for organic nutrients (other than their catabolic substrates), except
that some require vitamins (p-aminobenzoate, biotin, and thiamine). They have
cell walls of protein and often an external wall of a heteropolysaccharide. Metha-
nosarcinaceae are coccoid, occurring singly or in clusters of a few or many
thousands, or pseudosarcinal (appearing somewhat like sarcinae, but with non-
perpendicular planes of division and uneven daughter cells).

Methanosarcina contains nonhalophilic organisms which grow on methylo-
trophic substrates and sometimes acetate or H, + CO, (Table 1.15). Methanosar-
cina barkeri is the type species, which is phylogenetically distinct from the other
nonhalophilic, mesophilic Methanosarcina species (Sowers et al., 1984b). It was
first isolated by Schnellen (Schnellen, 1947), but the original type strain has been
lost. Later, a strain isolated by Marvin P. Bryant (strain MS, known as “Marv’s
strain” [Bryantand Boone, 1987a]) was adopted as the neotype (Balchetal., 1979).

M. mazeiihas several morphological forms, including coccoid. The first descrip-
tion of the species was based on enrichment cultures in which the coccoid forms
were evident, so it was classified in a separate genus from Methanosarcina (Metha-
nococcus mazeii [= Methanococcus mazei} was the first name of this species
[Barker, 1936]). This species was later obtained in pure culture (Mah, 1980). Its
similarities to Methanosarcina barkeri were recognized and this species was trans-
ferred to Methanosarcina as Methanosarcina mazeii (Mah and Kuhn, 1984).

M. acetivorans was isolated from a marine source and grows well in marine
medium (Sowers et al., 1984a), although it is not halophilic (Maestrojuan and
Boone, 1991).

M. vacuolata is phylogenetically distinct from other Methanosarcina species
(Lysenko and Zhilina, 1985) and is the only type strain in the genus Methanosar-
cina that has gas vesicles (Zhilina and Zavarzin, 1987a). However, the possession
of gas vesicles is not an exclusive characteristic of M. vacuolata, because at least
one strain of M. barkeri has vesicles (Archer and King, 1983; Maestrojudn and
Boone, 1991).
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Table 1.17 Characteristics of moderately halophilic, obligately methyltrophic species”

Methanohalophilus __ pethanohalobium ~ Methanosalsus
Property halophilus mabhii evestigatum zhilinaeae
Morphology Irregular Irregular Flat polygons Irregular
coccus coccus coccus
Diameter (m) 0.5-2.0 0.8-1.8 0.2-2.0 0.8-1.5
Gram stain - NR’ NR NR
Motility - - - -
pH: optimum 6.5-7.4 1.5 7.0-7.5 9.2
range 6.3-8.0 6.5-8.5 6.5-8.3 8.2-10.3
T(°C): optimum 26-36 35 50 45
range <1840 NR 20-60 NR
NaCl (M): optimum 1.2-1.5 2.0 4.3 0.7
range 0.3-2.6 0.5-3.5 2.6-5.1 0.2-2.1
Substrates® Me Me Me Me, MeS
Growth factors None NR B-vitamins None
mol% G+C* 44 (Tm)  45-49 (Tm) 37 (Tm) 38-41 (Tm)
Type strain Z-7982 SLP Z-7303 WeNS5
Culture collections® DSM 3094, DSM 5219, DSM 3721, DSM 4017,
OCM 160 OCM 68 OCM 161 OCM 62

“References: Liu et al., 1990; Lysenko and Zhilina, 1985; Mathrani and Boone, 1985;
Mathrani et al., 1988; Paterek and Smith, 1985, 1988; Whilharm et al., 1991; Zhilina,
1983, 1986; Zhilina and Svetlichnaya, 1989, Zhilina and Zavarin, 1987b.

*NR = not reported.

‘Substrates for methanogenesis: Me = C, compounds such as methanol, trimethylamine,
dimethylamine, and monomethylamine; MeS = dimethylsulfide or methanethiol.

“Tm = determined by melting point.

“Culture collections: DSM = Deutsche Sammlung von Mikroorganismen (Braunschweig,
Germany); OCM = Oregon Collection of Methanogens (Beaverton, OR, USA).

M. thermophila is the thermophilic species in Methanosarcina (Zinder et al.,
1985; Table 1.14).

The other genera of Methanosarcinaceae are halophilic. Methanolobus and
Methanococcoides are slightly halophilic. These genera are physiologically and
morphologically similar but with some differences (Table 1.16), and they are
phylogenetically distinct (Sowers et al. 1984b). Methanococcoides contains one
species, Methanococcoides methylutens. A second, more halophilic species,
“Methanococcoides euhalobium” was proposed but has not been validated. The
taxonomy of this latter species is not well defined (Obraztsova et al., 1987).

Methanolobus previously contained three species (M. tindarius, M. siciliae,
and M. vulcani [Stetter, 1989]). Sequence comparisons of 16S rRNA indicated
that Methanohalophilus oregonensis is more closely related to Methanolobus
species than to Methanohalophilus mahii, so we propose to transfer Methanoha-
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lophilus oregonensis to Methanolobus as Methanolobus oregonensis comb. nov.
Methanohalophilus is a genus of moderately halophilic methanogens containing
two similar species, M. mahii and M. halophilus (Table 1.17). DNA reassociation
studies (Wilharm et al., 1991) suggest that these two species could be considered
as subjective synonyms, but unpublished studies (Boone) indicate low sequence
similarity between the species, suggesting that they are not synonymous. We
believe that these species should not be considered synonymous unless additional
data, such as AT,,, support their synonymy. If these species are considered to be
synonyms, M. halophilus has priority and M. mahii would be eliminated from
the taxonomy. Because M. madhii is the type species, the genus Methanohalophilus
might be considered to lack a type and therefore be illegitimate (although it could
be conserved by a published Opinion of the Judicial Commission).

Sequence analysis of 16S rRNA indicates that Methanohalophilus zhilinaeae
should be separated into a new genus (Figure 1.5). Therefore, we propose to

Methanohalobium evestigatum

Methanohalophilus mahii
[—Methanohalophilus str. SF1

Meth ides methyl

Methanolobus oregonensis
EMethanolobus str. GS-16
Methanolobus tindarius

Methanosarcina acidovorans
Meth, cina barkeri

Meth cina thermophila

EMethanasarcina str. WHI
Meth cina iCI6

Meth Isus zhilinaeae
Meth ta thermophila

I Meth ta concilii

Meth ielii

I Tc. celer

10%

Differences in sequence similarity

Figure 1.5. Phylogenetic relationships of Methanosarcinales based on partial sequences
of 16S rRNA.
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transfer this species to Methanosalsus gen. nov., as Methanosalsus zhilinaeae
gen. nov., comb. nov.

The family Merthanosaetaceae contains a single, aceticlastic genus, Methano-
saeta (= Methanothrix). Methanosaeta all grow by the aceticlastic reaction, and
no other substrates support growth (Table 1.18). These organisms grow within a
sheath which confers a rod shape, often in chains which may be very long.

There is currently some controversy regarding the taxonomy of aceticlastic
rods, whether they should be classified in the genus Methanothrix or Methano-
saeta. The type species of these two competing names are Methanothrix soeh-
ngenii and Methanosaeta concilii, and there is little disagreement that these
species are subjectively synonymous (Boone, 1991). Methanothrix soehngenii
has priority, but many consider that the original description was based on an
impure culture (Boone, 1991; Patel, 1992). The matter will be decided shortly

Table 1.18 Characteristics of Methanosaeta (Methanothrix) species’

Species

Property concilii (soehngenii) thermophila
Morphology Rod Rod
Dimensions (um) 0.8x2.5-6.0 0.8-1.3x2-6
Gas vesicles - (+)
Filament length (um) >100 <100
Gram stain - -
Motility - -
pH:optimum 7.0-7.5 7

range 6-8 6.1-7.5
T(°C):optimum 35-40 55-60

range 10-45 >30-<70
NaCl(M):range NR® <0.2
Substrate” ac ac
Growth factors” (biotin, thiamine, PABA) (SF)
mol% G+C° 49-50 (Tm), 51 (Lc) 53-54 (L¢)
Type strain GP6 o
Culture collections’ DSM 3671, OCM 69 DSM 6194

“References: Huser et al., 1982; Kamagata and Mikami, 1991; Kamagata et al., 1992;
Nozhevnikova and Chudina, 1984; Nozhevnikova and Yagodina, 1982; Patel, 1984; Patel
and Sprott, 1990; Touzel et al., 1988; Zehnder et al., 1980; Zinder et al., 1987.

*NR = not reported.

“Acetate (ac) is the only substrate for methanogenesis.

“Stimulatory growth factors indicated in parentheses. PABA = p-aminobenzoate; SF =
sludge fluid.

“Tm = determined by melting point; Lc = determined by liquid chroma tography.
Culture collections: DSM = Deutsche Sammlung von Mikroorganismen (Braunschweig,
Germany); OCM = Oregon Collection of Methanogens (Beaverton, OR, USA).
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Table 1.19 Characteristics of Methanopyrus species’

67

Species

Property kandleri
Morphology Rod
Cell width (um) 0.5
Cell length (um) 2-14
Motility +
Flagella Polar tufts
Gram stain +
pH:optimum 6.5

range 5.5-7
T(°C):optimum 98

range 84-110
NaCl (M):optimum 0.3-0.4

range <0.7
Substrate H,
Autotrophy +
Growth factors None
mol% G+C’ 59 (Tm), 60 (Lc)
Type strain AV19
Culture collection” DSM 6324

“References: Burggraf et al., 1991b; Kurr et al., 1991.
*Tm = determined by melting point; Lc = determined by liquid chromatography.
‘DSM = Deutsche Samlung von Mikroorganismen (Braunschweig, Germany).

by the Judicial Commission, but until then our taxonomy assumes that the
description of Methanothrix soehngenii was based on an impure culture, and
therefore this species and the genus Methanothrix are illegitimate.

In a related matter, Methanothrix thermoacetophila was proposed as a species
of thermophilic Methanothrix, but the characterization was based on an impure
culture and is illegitimate (Boone, 1991; Kamagata et al., 1992). Kamagata
et al. (1992) proposed the name Methanothrix thermophila for thermophilic
Methanothrix. That proposal for a species of a thermophilic, sheathed, aceticlastic
methanogen is the first that was based on study of a pure cuiture, so this name
is legitimate, regardless of the legitimacy of the genus Methanothrix (Rule 32b
of Bacteriological Code [Sneath, 1992]). However, based on the assumption that
Methanothrix is illegitimate, we propose to transfer this thermophilic species to
Methanosaeta as Methanosaeta thermophila comb. nov.

1.3.5 Methanopyrales ord. nov.

The branch between Methanopyrus kandleri and other methanogens is deep
enough to justify its placement in a new family (Methanopyraceae) and a new
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order (Methanopyrales) (Figure 1.1). This order, family, and the genus Methano-
pyrus contain a single species, M. kandleri, so the description of the order and
family is the same as that of the genus (Kurr et al., 1991): rod-shaped methanogens
which grow near the boiling point of water and above (Table 1.19). Catabolic
substrates for this order are limited to H, plus CO,.
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2.1 Introduction

Based on molecular comparisons it is proposed that all living things should be
subdivided into the three domains of Archaea, Bacteria, and Eucarya; presently
referred to as the Archaeobacteria, Eubacteria and Eukaryotes (Woese et al.,
1990). In a structural context, however, with the possible exceptions of ribosome
shape, Archaea and Bacteria are cells that are difficult to distinguish from one
another. Both bacterial domains consist of taxonomic representatives having a
wide variety of shapes, sizes, and ultrastructural variations. In this chapter we
review the structural data so far acquired on methanogens, much of which has
appeared subsequent to other reviews (Aldrich et al., 1988; Whitman, 1985;
Zeikus and Brown, 1975). Some data from our own laboratories have not yet
been published.

Prokaryotic cells share the properties of a unicellular organization based on
containment of cytoplasmic contents within a semipermeable cytoplasmic mem-
brane, usually surrounded by a rigid cell wall. The archaecobacteria are equally
small compared to eubacteria, presumably to provide high surface area to volume
ratios and to satisfy their needs for maximum diffusion of molecules into or out
of the cells (Beveridge, 1989). Each bacterium, whether eubacterial or archaco-
bacterial, must fabricate a design incorporating variations in size and shape which
is a compromise between the need to be small and the provision of sufficient
internal space to house cytoplasmic constituents essential for growth and survival
(Beveridge, 1989). Perhaps all bacterial cells would appear similar except for
other considerations such as the need for internal membranes (e.g., phototrophs
and nitrifiers), cytoplasmic storage depots (e.g., polyhydroxybutyrate, glycogen
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and polyphosphate granules), and specialized locomotion (e.g., flagella), adhe-
sion (e.g., fimbriae and capsules), flotation (e.g., gas vesicles) or extension (e.g.,
prosthecae) devices. It is also possible that certain design differences are due to
the materials used to manufacture or assemble a rigid envelope (e.g., S-layer
protein versus pseudomurein versus methanochondroitin, etc.), and to the need
to ensure division and separation of daughter cells.

2.2 Morphology

With notable exceptions much of the microscopy performed on the methano-
gens currently in pure culture (Part I, Chapter 1) are “first look” micrographs
providing essential, but only partial data of newly described isolates. This is
because most authors view descriptions of new isolates incomplete without at
least some visual data to describe shape and size. Light microscopy using bright
field (stained material) or phase contrast (live material) optics is excellent for this
but frequently scanning electron microscopy (SEM) or transmission electron
microscopy (TEM) are used to provide higher resolutions and to discern surface
features, appendages, or internal detail (e.g., thin-sections).

Initially the genus name for many methanogens was descriptive of cell shape.
Rod-shaped methanogens are illustrated by Methanobacterium spp. or Methano-
pyrus kandleri (Figure 2.1a). Very short rods of Methanobrevibacter arboriphili-
cus grown in liquid culture medium have a tendency to chain and to form
longer filamentous cells when grown on agar medium (Zeikus and Henning, 1975).
Isolations of coccoid methanogens are as numerous as the rod-forms. Many of
these methanococci, including species of the genera Methanogenium (Figure 2. 1¢),
Methanococcus (Figure 2.1h), Methanocorpusculum (Figure 2.1d), Methanococ-
coides (Figure 2.1e), Methanolobus (Figure 2.1f), Methanohalophilus (Liu et al.,
1990), and Methanoculleus (Blotevogel et al., 1991) are irregularly shaped as a
result of the pliability of the surface arrays which is a common feature to these
organisms. Presumably, these S-layers are not so strongly knit together as other wall
matrices (e.g., the methanochondroitin of Methanosarcina) and are more easily
deformed. For example, integrity of the S-layer of Methanococcoides euhalobius
requires Ca” " and the cells will round-up in its absence (Charak’yan et al., 1989).
Methanosphaera stadtmanae (Figure 2.1j) appears as rounded-up cells (often in
pairs, tetrads or clusters) but has a pseudomurein matrix rather than a S-layer surface
(Miller and Wolin, 1985). An angular plate-shaped genus, Methanoplanus spp.,
has also been described (Figure 2.1g). Some methanogens have such a distinctive
shape that they can be tentatively identified by light microscopy even in mixed
cultures. These are Methanospirillum (long thin spirals, Figure 2.1b), Methano-
saeta (“Methanothrix” ) (Patel, 1992) (also long but thicker filaments, Figure 2.11),
and Methanosarcina (clusters of round cells, Figure 2.1, I-n).



Figure 2.1. Morphology of methanogen cells. a, phase contrast micrograph of cells of
Methanopyrus kandleri during the exponential growth phase; b, phase contrast micrograph
of Methanospirillum hungatei GP1; c, phase contrast micrograph of Methanogenium
cariaci; d, electron photomicrographs of plantinum-iridium-shadowed Methanocorpuscu-
lum parvum; e, phase contrast micrograph of Methanococcoides methylutens TMA-10; f,
phase contrast micrograph of Methanolobus tindarius; g, phase contrast micrograph of
Methanoplanus limicola; h, phase contrast micrograph of Methanococcus thermolitho-
trophicus; i, phase contrast micrograph of Methanosaeta concilii GP6; j, scanning electron
micrograph illustrating the spherical cellular morphology and the cleavage furrow seen in
rapidly dividing cells of Methanosphaera stadtmanae; k-n, phase contrast micrographs of
Methanosarcina acetivorans strain C2A grown on acetate: k, single cells from an exponen-
tial phase culture; 1, cell aggregates from a late exponential phase culture; m, aggregrates
of large cells (A); n, communal cysts from a late exponential phase culture. Reproduced
with permission. a, Kurr et al. (1991); b, Patel et al. (1976); c, Romesser et al. (1979);
d, Zellner et al. (1987); e, Sowers and Ferry (1983); f, Konig and Stetter (1982); g,
Wildgruber et al. (1982); h, Huber et al. (1982); i, Patel (1984); j, Miller and Wolin
(1985); k-n, Sowers et al. (1984).
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Even as early as 1936, Barker’s photographs of Methanosarcina mazei revealed
multiple forms (Barker, 1936). M. acetivorans grown on acetate (Figure 2.1, k—
n) contain single spheroidal-shaped cells in exponential phase cultures which
cluster into small and large cell aggregates of 2—12 cells (pseudosarcinae) during
late exponential phase; sometimes the cells themselves are also enlarged. Station-
ary phase cultures form predominantly communal cysts composed of single cocci
enclosed within a common envelope. Possible resting forms (microcysts) with
thickened cell walls are found in more aged cultures (Barker, 1936; Robinson,
1986). Evidence presented by Maestrojudn & Boone (Meistrojudn and Boone,
1991) generally favors aggregation as a survival mechanism during unfavorable
growth conditions. It is possible that cells clustered together generate a common
microenvironment which is more suitable for survival. Some cells within the
aggregate may even survive at the expense of others. Disaggregation to single
cells is associated with the renewed onset of exponential growth and faster
growth rates (Boone and Ma, 1987). M. mazei S-6 and LYC produce a regulated
disaggregatase whose activity is responsible for conversion of aggregates to single
cells (Xun et al., 1990). The purified enzyme has endopolysaccharide hydrolase
activity against the methanochondroitin “matrix” that encompasses cells and binds
them together. The matrix stains with ruthenium red which can be indicative of
acidic mimicopolysaccharides.

An unshaken exponential growth of M. mazei S-6 in 40 mM trimethylamine
medium containing 8.3 to 15.6 mM Ca’" or Mg*" forms visible, flat sheets of
cells called “lamina” connected by intercellular connective material (Figure 2.2;

Figure 2.2. Methanosarcina mazei S6 forms in culture bottles (frontal view). a, packets;
b, lamina, kept in the same medium for several days, at which time dissociated cells and
very small packets made the supernatant turbid. bars = 1 cm. Reproduced with permission,
Mayerhofer et al. (1992).
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Mayerhofer et al., 1992). This formation was restricted to this strain and was
associated with the expression of a cell surface antigen.

Methanogens are generally free-living but may, in some cases, be endosymbi-
onts of eukaryotic cells. Microscopy has aided in identifying the endosymbiotic
relationship found between M. formicicum and an anaerobic protozoon Metopus
striatus (van Bruggen et al., 1984).

2.3 Ribosome Structure

Electron microscopy of small ribosomal units (Lake et al., 1982) has revealed
three different shapes corresponding to the three lineages established by rRNA
sequencing (Woese and Fox, 1977). Two distinctive features, namely, the pres-
ence of an archaeobacterial “bill” on the head of the small subunit and the absence
of eukaryotic lobes at the base of this subunit established the distinctiveness of
the archaeobacterial ribosome. The 30 S subunit of M. thermoautotrophicum is
shown in different orientations in Figure 2.3A to illustrate this characteristic
shape. The small subunit of the eukaryotic ribosome differs from that of archaeo-
bacteria by exhibiting both the archaeobacterial bill and the eukaryotic lobes,
whereas that of eubacteria lack both of these features. Generalized profiles of
these three ribosomal small subunit shapes are shown (Figure 2.3B). Sulfur-
dependent archaeobacteria may be distinguished from other archaeobacteria by
the presence of both archaeobacterial bill and basal lobes on the small subunit
and of a characteristic lobe, gap and bulge on the large subunit (Henderson et
al., 1984).

2.4 Cell Envelopes

The cell envelopes of methanogens may be divided into at least five types
(Kandler and Konig, 1985) if we exclude the report of the mycoplasma-like
Methanoplasma elizabethii (Rose and Pirt, 1981) which is still of uncertain status
and which is apparently unavailable for culture verification. The recognition that
methanogens lack murein typical of eubacteria, and that they are a rich source of
various S-layer arrangements, has increased attention to their cell envelopes.
Reviews on archaeobacterial envelopes have previously appeared (Baumeister et
al., 1989; Kandler and Konig, 1985; Konig, 1988; Konig and Stetter, 1986;
Sleyter et al., 1986). Here we restrict ourselves not only to methanogens, but
also mainly to the progress made on methanogen surface features through use of
electron microscopy. A summary of the five envelope types presently authenti-
cated is shown in Table 2.1.

In stained thin-sections pseudomurein appears as an amorphous electron dense
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Figure 2.3. Electron micrographs and generalized profiles of small ribosomal subunits
from archaeobacteria. In the field of A, small subunits from Methanobacterium thermoau-
totrophicum illustrate the asymmetric projection of small subunits. B, Generalized profiles
of small ribosomal subunits, in the asymmetric profile. The eubacterial, archaeobacterial,
and eukaryotic profiles are shown in A, B, and C, respectively. The common ribosomal
regions are named in D, and the archaeobacterial eukaryotic lobes (a and b) and bill are
shown in diagonal stripes. Reproduced with permission, Lake et al. (1982).
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Table 2.1 Envelopes of methanogens

S-layer
Lat- Spacing Refer-
Envelope® Type Methanogen kDa-Monomer® tice (nm)  ence
1. RS-layer + CM Methanococcus voltae 76 NG H 10 1
M. vannielii 60 NG H 108 2
M. thermolithotrophicus 825 NG H 98 2
M. jannaschii 90 NG H 105 2
M. aeolicus — — H 123 3
Methanocorpusculum 92 G H 16 4
sinense
Methanoplanus limicola 143 G H 14 5
Methanolobus tindarius 156 G H 12 6
Methanococcoides — —_ - — 7
methylutens
Methanoculleus 130 G H — 8
thermophilicus
M. marisnigri 138 G H — 8,9
Methanogenium liminatans 118 G H 154 10
M. tatii 120 G H — 11
M. cariaci 117 NG H — 8,9
Methanohalophilus — —_ - — 12
oregonense
Methanomicrobium mobile — — - — 13
Methanosarcina acetivorans — _ = — 14
2. MC + S-layer + CM  Methanosarcina mazei —_ _ = = 15,16
3. RS-layer + P + CM Methanothermus fervidus 76 G 17
M. sociabilis 76 G 17
Methanopyrus kandlerii — —_ = - 18
4. Sheath + S-layer + CM Methanospirillum hungatei GP1 12 G P2 28 19,20
M. hungatei JF1 — — P1 25 21
JF1 — G P2 28 22
Methanothrix soehngenii FE G — — 23
Methanosaeta concilii GP6 G P2 28 22
5.P+CM Methanobacterium
Methanosphaera
Methanobrevibacter

RS, regularly structured; CM, cytoplasmic membrane; MC, methanochondroitin; P, psudomurein.
’NG, non-glycosylated; G, glycosylated.
“References: 1, Koval and Jarrell, 1987; 2, Nuber and Konig, 1987; 3, Sleytr et al., 1986; 4, Zellner
et al., 1989; 5, Wildgruber et al., 1982; 6, Konig and Stetter, 1986; 7, Sowers and Ferry, 1983; 8,
Zabel et al., 1985; 9, Romesser et al., 1979; 10, Zellner et al., 1990; 11, Zabel et al., 1984, 12, Liu
et al., 1990; 13, H. Konig, personal communication to Sleytr et al., 1986; 14, Sowers et al., 1984,
15, Aldrich et al., 1986; 16, Kreisl and Kandler, 1986; 17, Brockl et al., 1991; 18, Kurretal., 1991;
19, Sprott et al., 1986; 20, Stewart et al., 1985; 21, Shaw et al., 1985; 22, Patel et al., 1986; 23,

Pellerin et al., 1990.

87



88 G. D. Sprott and T. . Beveridge

layer about 15-20 nm thick covering the cell and, therefore, resembles the wall
profile of its eubacterial counterparts (e.g., Bacillus subtilis). These pseudomu-
rein-containing walls require chemical analysis to distinguish them from the
murein-containing ones of eubacteria. Fundamental chemical differences include
the substitution of D- by L-amino acids in the peptide cross-linkages and replace-
ment of N-acetylmuramic acid by N-acetyl-L-talosaminuronic acid in the glycan
strands. Also, the linkage configuration (between N-acetyl-D-glucosamine and N-
acetyl-L-talosaminuronic acid) in the glycan strands is (1,3) rather than 8(1,4)
as in murein (Kandler and Konig, 1985; Konig, 1988).

Most of those methanogens which do not possess pseudomurein have at least
one paracrystalline array, and these are usually hexagonal possessing p6 symme-
try with center-to-center spacings varying among species from 1016 nm (Table
2.1). M. voltae, which is a moderate halophile and which undergoes cell lysis
without adequate protection by salts, has been especially difficult to stain and to
demonstrate its hexagonal array (Koval and Jarrell, 1987). Since 2% NaCl is
incompatible with heavy metal negative stains, prefixation with 2% glutaralde-
hyde was attempted prior to staining, but unsuccessfully. The array was eventually
demonstrated in freeze-etch replicas of cells and envelope preparations (Koval
and Jarrell, 1987).

Based on the periodic acid-Schiff staining reaction of the protein monomers
following separation on SDS-PAGE, it is apparent that many S-layer proteins are
glycosylated (Table 2.1) whereas others are not (e.g., Methanococcus spp.). The
S-layer protein of M. cariaci is an exception for the Methanogenium genus, since
it is also not glycosylated. Monomer molecular masses vary among strains from
60 to 156 kDa. The cell wall of M. euhalobius is unusual, since it consists of a
protein S-layer over which lies a polysaccharide layer composed of glucose and
mannose (Charakhch’yan et al., 1991). The external layer is more abundant on
cells growing on trimethylamine than on methanol and is excreted from the cells
to form an external film which the cells may use to attach to solid surfaces. M.
acetivorans is included in this grouping because in thin-sections only a narrow
10 nm cell wall is seen. This layer appears to be proteinaceous based on lytic
susceptibility to detergents such as Triton X-100 and sodium dodecyl sulfate
(SDS) (Sowers et al., 1984).

The S-layer in M. mazei is a 12 nm thick layer removed by pronase (supporting
its proteinaceous nature) and is connected to the cytoplasmic membrane by regular
dense bridges (Aldrich et al., 1986; Robinson, 1986). Most Methanosarcina spp.
are surrounded by a polymeric network, either loosely or more tightly knit, of
methanochondroitin which is external to a single S-layer similar to that described
for M. acetivorans. Because of the loose nature of the methanochondroitin fibrils
in M. mazei the term “matrix” was proposed to replace its initial description as
a wall (Aldrich et al., 1986). The thickness of this external matrix can be up to
200 nm in M. barkeri (Konig, 1988) or 60 nm in M. mazei S6 (Robinson, 1986).
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Thin-sections of the isolated matrix devoid of intact cells showed that this is a
rigid layer since it still retained the shape of the cells (Kreisl and Kandler, 1986).
Chemical analysis revealed a non-sulfated polymer of N-acetylgalactosamine, D-
glucuronic (or b-galacturonic) acid, minor amounts of D-glucose, and traces of
D-mannose; this is chemically similar to the chondroitin of eukaryotes and hence
its name “methanochondroitin” (Kreisl and Kandler, 1986). Methanochondroitin
is responsible for cell-cell adhesion, since its loss mediates disaggregation and
dispersal of cells (Xun et al., 1990).

Methanosarcina spp. can be induced to grow in marine medium (K. Sowers,
personal communication), which results in growth as single cells. Thin-section
electron micrographs reveal these single cells to be devoid of methanochondroitin.

Two species of Methanothermus have a pseudomurein layer encompassed by
a glycoprotein S-layer (Table 2.1). Both genes encoding these glycoproteins have
been cloned and sequenced (Brockl et al., 1991). Compared to others, this S-
layer contains exceptionally high amounts of isoleucine, asparagine, and cysteine.
The predicted secondary structure contains only 7% a-helix and has high 8-sheet
content (44%), which presumably adds intermolecular bonding to the layer which
is necessary to withstand the hyperthermophilic environment of these methano-
gens. Carbohydrate comprises 17 mol% of the S-layer of M. fervidus and consists
of mannose, 3-O-methylglucose, galactose, N-acetylglucosamine and N-acetylga-
lactosamine (Hartmann and Konig, 1989).

Methanopyrus kandleri (gen. and sp. nov.) with an optimum growth tempera-
ture of 98°C has a protein layer external to a newly identified type of pseudomurein
(Kurr et al., 1991). Ultrathin sections of cells treated with SDS revealed that the
S-layer was removed by the detergent. Further chemical analysis has yet to be
done.

Early studies employing thin-sections of M. hungatei JF1 (Zeikus and Bowen,
1975) and an enriched culture of M. soehngenii (Zehnder et al., 1980) revealed
unique ultrastructures. Both methanogens consisted of chains of cells within a
sheath (initially called the outer wall) of unusual striated surface appearance. The
cells were spaced apart by multiple lamellae (spacer plugs) in M. hungatei and
in the case of M. soehngenii by a plug composed of concentric rings.

The remarkable resilience of these sheath structures to chemical reagents was
used to advantage in obtaining highly purified preparations for chemical and
ultrastructural analysis (Beveridge et al., 1985; Patel et al., 1986; Sprott and
McKellar, 1980). M. concilii cells were lysed by exposure to S M NaOH at room
temperature followed by treatment with 1% SDS at 100°C (Patel et al., 1986).
Plugs in the process of ingrowth are often an integral part of these sheaths (Figure
2.4). A milder alkali treatment of 0.1 M NaOH followed by SDS was adequate
to isolate sheath tubes from M. hungatei (Patel et al., 1986; Sprott and McKellar,
1980). Sheath may also be isolated from M. hungatei following removal of
spheroplasts from the sheath tubes with dithiothreitol at alkaline pH (Sprott et



Figure 2.4. Thin section of an isolated and purified sheath from Methanosaeta concilii
showing partial and complete spacer plugs still attached. The arrowheads point to represen-
tative spacer plugs. Large arrow points to the sheath. bar = 120 nm. Reproduced with
permission, Patel et al. (1986).
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al., 1979). In this case, the sheath is recovered from protoplast lysates by
discontinuous sucrose gradient centrifugation, and spacer plugs removed from
the isolated sheath by treatment with 0.1 M NaOH (Beveridge et al., 1985; Sprott
and McKellar, 1980).

The striated nature of the isolated sheath surface and the sheath’s tendency to
split perpendicular to its long axis during negative staining for electron micros-
copy is illustrated in Figure 2.5A for M. hungatei. This suggested the sheath was
composed of hoops stacked together rather than in coiled configuration. Analysis
of occasional single hoops by negative stain showed that a surface array was
present on a backing matrix (Figure 2.5C; Stewart et al., 1985). Positive proof
for the concept of stacked hoops forming a hollow tube was obtained when it was
discovered that the use of 8-mercaptoethanol at 90°C dramatically disassembled
the tubes into their free hoop form (Figure 2.5B). Other thiols tested, including
dithiothreitol, were relatively ineffective. The strong attachment of hoops to each
other and the release of short “glue peptides” during hoop disassembly by S-
mercaptoethanol and heat, suggested a covalent linkage perhaps via a peptide
with sensitive disufide bonds (Sprott et al., 1986).

One of the disadvantages of electron microscopy is the difficulty of obtaining
high resolution topographic analyses of surfaces. Negative stains surround and
penetrate biological structures such as the sheath (Figure 2.5A) and it is therefore
difficult to decipher whether or not the hoop junctions are actual circumferential
depressions on the outer face, inner face, or both, or whether they are loosely-
knit regions capable of high stain absorption. Scanning tunneling microscopy
(STM) is a newly developed technique that can produce atomic images of hard
inanimate surfaces such as graphite and the technique is being adapted to provide
submolecular views of biological structures. A new “hopping mode” STM was
used to analyze both inner and outer faces of the M. hungatei sheath and showed,
surprisingly, that the inner face had greater topography than the outer face
(Beveridge et al., 1990) On the inner face deep grooves were found at hoop
boundaries, and ridges corresponding to the surface 2.8 nm repeat were seen
where the hoops resided. The hoop junctions on the outer face were not as deep,
and the 2.8 nm lattice could just barely be discerned from the relatively smooth
background (Beveridge et al., 1990). Presumably, the abrupt angular discontinu-
ity between subunit particles and intersubunit depressions were too extreme for
detection by STM; clearly, the 2.8 nm lattice exists at the outer face, since it is
easily seen at the periphery of isolated hoops by electron microscopy (Figure
2.5B). This subunit periodicity can also be detected by selected area electron
diffraction (SAED) as well as the cross-8 folding of 0.46 nm within the particles
themselves (Stewart et al., 1985). Presumably, most molecular folding within
the subunit particles is cross-beta, and this is the prime reason for the sheath’s
high resiliency to physical, chemical and enzymatic perturbants (Beveridge et
al., 1985).



Figure 2.5. Electron micrographs of negatively stained preparations of the Methanospiril-
lum hungatei GP1 sheath before (A) and after (B and C) treatment with 2% -mercaptoetha-
nol (90°C, 30 min). A and B, bar = 500 nm; C, bar = 100 nm. Note the presence of the
surface array and the circular nature of the hoops. Reproduced with permission, Sprott et
al. (1986).
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The surface array on the sheaths of isolated tubes and cells of M. hungatei
strains GP1 and JF1 and M. concilii were compared by SAED and found to be
indistinguishable from each other (Patel et al., 1986)(Figure 2.6). All sheath
types had identical subunit arrangements with p2 symmetry (@ = 5.6 nm, b =
2.8 nm, and y= 86°) as previously found in M. hungatei GP1 (Stewart et al.,
1985).

Purified sheath or hoops of M. hungatei GP1 and JF1 were solubilized rapidly
at 90°C in arginine-KOH buffer, pH 12.6, or by B-mercaptoethanol plus SDS,
pH 9.0 (Sprott et al., 1986). HPLC analysis of solubilized hoops revealed major
polypeptides of 12, 24, and 45 kDa suggesting that two copies of the 24 kDa
polypeptide form the two domains of the 5.6 X 2.8 nm unit cell as a dimer. The
2.8 nm particle may itself be a dimer of the 12 kDa protein. Compared to other
S-layers the center-to-center spacing of the sheath array is very small (Table 2.1),
suggesting a relatively impermeable structure (Shaw et al., 1985; Stewart et al.,
1985). The pores through the sheath of M. hungatei JF1 were estimated to be no
more than 2 nm.

Although the subunit arrangement of the sheaths of M. hungatei GP1 and JF1
and M. concilii are similar (Figure 2.6) each sheath differs in resistance to
dissolution by B-mercaptoethanol-SDS, pH 9.0, at 90°C and by 0.1 M NaOH at
80°C. Marked chemical differences occur as well with respect to amino acid,
sugar, and metal ion analyses (Patel et al., 1986). Sheath isolated from an
enriched culture called M. soehngenii strain FE was found to be soluble in
anhydrous hydrazine, suggesting that amide linkages between subunits may be
responsible for the resilience of this structure (Pellerin et al., 1990). Oligosaccha-
rides were released which were glycan chains of rhamnose, ribose, fucose, and
hexoses with branches from rhamnosyl and ribosyl chains (Debeire et al., 1988).
The glycans appeared to be linked to Asn-X-Ser glycosylation sites by aspara-
ginyl-rhamnose linkages.

Variations in the envelope chemistry among methanogens has been exploited
for the production of specific monoclonal antibody probes. A monoclonal anti-
body prepared against M. hungatei JF1 was specific for a determinant found in
the sheath of strain JF1, and did not react with other methanogens including strain
GP1 of the same species (Conway de Macario et al., 1986). Similar strain
specificity was found for a monoclonal antibody prepared against M. cariaci
JR1c. Monoclonals recognizing five antigenic determinants of the pseudomurein
structure of M. thermoautotrophicum vary from recognizing a common antigen
to having species and even strain specificities (Conway de Macario et al., 1983).
A panel of monoclonals prepared against a wide variety of methanogen surface
epitopes is now available for strain typing (Conway de Macario and Macario,
1986).

Recently, the chemical resiliency of M. hungatei GP1’s sheath has been re-
examined using a battery of chemical denaturants in combination with one another



Figure 2.6. 1A, High magnification of a negatively stained Methanosaeta concilii sheath.
The broad striations are the hoops from which the sheath is composed; the long axis of
the sheath runs from top to bottom on the page. The fine pattern within each hoop is the
result of the small subunits which make up the hoop and it is these that produce the 2.8
nm spacing seen in diffraction patterns. Since this image and the following images are of
collapsed tubes of sheath, there are actually two layers of sheath which superimpose on
one another to give a moiré. Bars = 50 nm; 1B, Electron diffraction pattern from a sheath
similar to that seen in 1A. The 2.8 nm row line is pointed out; 2A, similar to 1A, but this
is of the Methanospirillum hungatei GP1 sheath; 2B, electron diffraction pattern from GP1
sheath; 3A, similar to 1A, but this is of the Methanospirillum hungatei JF1 sheath; 3B,
electron diffraction pattern from JF1 sheath. The spacings of all three diffraction patterns
(1B, 2B, and 3B) are virtually identical, witha=5.6 £0.1,b=2.8 £ 0.1, andy = 86
+ 2° Reproduced with permission, Patel et al. (1986).
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and at elevated temperatures. Three dissolution procedures were determined
which produced a range of soluble products (Southam and Beveridge, 1991). Use
of 0.05 M L-arginine buffer (pH 12.6) at 90°C for 10 min solubilized 74% by dry
weight of the sheath; however, these solubilized polypeptides were extensively
degraded. Two other methods were more successful. 2% B-mercaptoethanol in
2% SDS at 90°C in 0.005 M CHES buffer (pH 9.0) released a group of 3040 kDa
polypeptides which represented 42% (dry weight) of the sheath mass, whereas 5%
B-mercaptoethanol plus 20 mM EDTA in 2% SDS at 100°C for 2 hours released
74% of the mass (dry weight) as 1040 kDa polypeptides. None of the polypep-
tides released by these two regimens were degraded and none possessed glyco
substituents. When polyclonal and monoclonal antibodies were raised against
these extracted proteins and immunogold labeling for electron microscopy per-
formed, distinct proteins were shown to reside on different faces of the sheath
(Southam and Beveridge, 1991). Accordingly, these observations suggested that
these constituent proteins were asymmetrically aligned across the thickness of
the sheath, that presumably the ~45 kDa protein previously identified by Sprott
et al. (1986) does not extend entirely across the thickness, and that there must be
at least two molecular protein layers within the sheath.

Later research revealed the sheath’s structure to be even more complicated.
When suspended in 90% (wt/vol) aqueous phenol, another group of polypeptides
representing 19% (dry weight) of the sheath was recovered which differed from
those solubilized by the other regimens (Southam and Beveridge, 1992). Once
these were extracted from the sheath, the sheath’s rigidity was lost. Immunogold
labeling of intact, unextracted sheath with antibodies specific for the phenol
soluble proteins revealed these proteins to be below both the inner and outer faces
of the sheath (Southam and Beveridge, 1992). Consequently, instead of a two
molecular thick sheath as proposed initially by Southam and Beveridge (1991),
now they propose a three molecular layered structure in which the phenol soluble
products lie at the middle of the sheath to rigidize it. These products are asymmet-
rically overlaid, on each side, by the polypeptides which were extracted by the
1991 regimens.

Methanospirillum possesses other paracrystalline structures besides the sheath.
One of these structures is the plugs of the cell spacers (Figure 2.7e,f) which
consist of at least three paracrystalline plates. Treatment with 0.1 M NaOH
releases the plugs from strain GP1 and they can be separated into two structural
types designated the particulate and holey layers or plates (Beveridge et al.,
1991). Two were particulate composed of 14 nm particles with a spacing of
a=b=18 nm and the third was a holey layer with 12.5 nm holes sandwiched
between the two particulate layers (Figure 2.8). Optical diffraction and computer
reconstruction of aligned particulate and holey layers gave a center-to-center
spacing of 18 nm, three to six times larger than that of the sheath. This larger
spacing makes the combined permeability of the plates much greater than that of



Figure 2.7. Thin sections of Methanospirillum hungatei. a, enveloping layers (S, sheath;
W, wall; PM, plasma membrane) bar = 100 nm; b, The first recognizable stage of division
is a slight indentation of the plasma membrane and wall (arrowhead). bar = 100 nm; c,
a more advanced stage of septation. The arrows point to the ingrowing wall. Bar = 100
nm; d, the septum has split into two separate walls. The arrows point to the amorphous
material filling the gaps between the two new walls. bar = 100 nm; e-i, outline of the
growth of the cell spacer. After the amorphous material has completely filled in the gap
between the two new polar walls produced by the septum, the gap gets larger as more and
more material enters. At one pole, material rapidly organizes into periodic layers with an
18.0-nm repeat (e). Once complete (usually three electron-dense layers are formed),
similar layers are organized at the adjacent pole (the arrows point to the layers at each
pole in f). These periodic layers compose the plugs of the cell spacers. With time, the cell
spacer grows larger owing to the incorporation of amorphous material into its central
cavity and sheath extension. At the same time, an 18-nm network is laid down at the inner
sheath surface (arrowheads in g, h, and i). Eventually, the spacer can obtain a length equal
to the cell diameter (ca. 500 nm). In practice, spacer size is a function of the turbulence
of the growth environment (high turbulence produces short chains of cells and, therefore,
smaller cell spacers). g-i show the sequence of cell spacer expansion in a low turbulence
culture. Figures e-i are the same magnification; bar in e = 100 nm. Figures j-m represent
the sequence of events leading to filament splitting. Localized holes appear in one (or
more) side of the sheath at a cell spacer midpoint (see small arrowheads in j). The central
mass of amorphous material leaks out (see small arrowheads in k and 1) and, eventually,
a split occurs around the entire circumference of the sheath separating the two halves of
the filament (1). Although the amorphous spacer material leaks out during the splitting,
the 18-nm network on the inner sheath surface remains intact (see large arrowheads, 1 and
m). Occasionally, filament ends are found in close proximity to each other as if they were
once part of the same cell spacer. Figures j-m are the same magnification; bar in j = 100
nm. Reproduced with permission, Beveridge et al. (1986).



Figure 2.8. Two separated layers which form the plugs of Methanospirillum hungatei. a,
high-resolution micrograph of the particulate layer and its optical transform. Bar = 100
nm. b, high-resolution micrograph of the holey layer and its optical transform. Bar = 100
nm. ¢, computer reconstruction of the particulate layer at high magnification. The subunit
particles are white, and the thin arms extending from each particle are gray. The holes are
black. Center-to-center spacing = 18.0 nm. d, computer reconstruction of the holey layer
at high magnification. The subunit particles are delta-shaped units linked to one another
by delicate gray linkers at each tip. The holes are black. Center-to-center spacing = 18.0
nm. Reproduced with permission, Beveridge et al. (1991).
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the sheath. In fact, this permeability difference is emphasized by the way in
which each filament of cells reacts to the Gram stain. Only the cells at each
filament’s termini stain gram-positive; the rest of the filament is gram-negative.
This difference was confirmed by using a modified Gram reaction in which
Gram'’s iodine is replaced by a platinum compound, so that the Gram stain can
be followed by electron microscopy (Davies et al., 1983). The result was that
precipitates of crystal violet-platinum formed only near the filament termini.
Crystal violet and the platinum compound as individual reactants could not
penetrate through the sheath to stain all cells in the filament because of the
sheath’s low permeability. They could only enter the terminal cells via the more
permeable cell plugs at the filament termini, where they formed large purple
precipitates which could not be washed out by ethanol decolorization (Beveridge
et al., 1991). Carbol fuchsin, as a counterstain, complexes with the sheath and
stains the rest of the filament red. Triton X-100 is also too large to penetrate the
sheath, enters through the terminal plugs and causes cells to lyse within the
filament beginning with the cells at the termini (Beveridge et al., 1991). These
results indicate that all but very small molecules enter only through the end plugs
and are restricted from the other cells within the filament by diffusion rates along
the filament axis.

The cell wall (Figure 2.7a), which entirely encompasses each individual cell,
resides underneath the sheath and has proven difficult to purify or analyze.
Following spheroplast formation with dithiothreitol the wall is retained on de-
formed cells as a flexible layer (Beveridge et al., 1987). In filaments treated with
B-mercaptoethanol, intact cells complete with wall can be extruded from the
sheath and these retain the rod-shape of the cell; the cell wall on these cells is a
paracrystalline array with p6 symmetry (T. Beveridge, G. Patel, and G. Sprott,
unpublished data). This methanogen has the capacity, therefore, of forming
envelope arrays of p2 and p6 symmetry plus at least two different types of
paracrystalline plug layers.

2.5 Cell Division
2.5.1 M. hungatei

From the first observations of thin-sections it was apparent that the ultrastruc-
ture of M. hungatei was unique and that during the division process the wall and
cytoplasmic membrane invaginated with either true septum formation as in gram-
positive eubacteria or by constriction common among the gram-negative eubact-
eria (Zeikus and Bowen, 1975). Beveridge et al. (1987) confirmed and extended
these observations by presenting a sequence of events in cell division which is
novel amongst prokaryotes (Figure 2.7) and which showed septation as only a
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part of the division process. Cells varying in length between 3.5 to 7.0 wm were
seen randomly distributed along the filament. It appeared that the shortest cells
were newly formed daughter cells, intermediate length cells were growing cells,
and the longest cells were those undergoing division. Division required two
separate events, septation and a complex process of filament splitting. Like
septation in gram-positive eubacteria, the first event in time was the ingrowth of
the wall at the middle of the longer cells within the filament. As the septum grew
inward (Figure 2.7b) it gradually separated into two layers starting at the periphery
of the cell (Figure 7¢c). Eventually, the two new daughter cells separated and
two new cell poles were formed (Figure 7d). Amorphous material of unknown
chemistry began to infiltrate the gap between the new cell poles (Figure 7d). The
cells began to move apart and a set of three paracrystalline plates (a single plug)
with 18 nm periodicity was laid down at one cell pole (Figure 7¢) followed by
plug assembly at the adjacent pole (Figure 7f). Since no intermediate steps in
plug assembly were seen, the process was either very rapid or unstable until
completed. Sheath extension followed to elongate the spacer region and was
accompanied by the formation of an 18 nm periodic network parallel to the
sheath (Figure 7g—i). When spacers extended to ~0.5 pm in length small breaks
appeared in the sheath (Figure 7j). The amorphous material within the spacer
region leaked out (Figure 7k), and the filament split apart at the spacer region
(Figure 71) forming two new filament termini (Figure 7m). Since the wall appeared
to be a flexible layer retained on the rounded-up cells following spheroplast
formation in alkaline buffer containing dithiothreitol and sucrose, it was difficult
to rationalize how septation could occur without the input of a rigid wall (Bever-
idge et al., 1987). It now appears that the above spheroplasting conditions
destroyed the normal periodicity and rigidity of the wall, thus solving the dilemma
(T. Beveridge and G. Sprott, unpublished data). Although the wall can maintain
cell shape following cell removal from sheath by S-mercaptoethanol treatment,
it has yet to be successfully isolated for chemical analysis.

2.5.2 M. concilii

Cell division in M. concilii is also unusual and is a second example of the
uniqueness of these division processes in methanogens (Beveridge, Harris, et al .,
1986; Zehnder et al., 1980.). Thin-sections of M. concilii GP6 (Beveridge, Patel,
et al., 1986) showed chains of rod-shaped cells aligned within a sheath; the cells
were separated from one another and from the sheath by an amorphous, granular
matrix of unknown chemistry or function (Figure 2.9a,b). The granular nature of
the amorphous material was verified in negative stains, thin-sections and freeze-
etchings. A 10 nm thick cytoplasmic membrane layer lying beneath the matrix
had the unusual property of staining asymmetrically and exhibiting an extremely
electron dense outer layer about 4nm deep (Figure 2.9b). This staining effect is



Figure 2.9. Ultrastructure, cell division sequence, and spacer plugs of Methanosaeta
concilii GP6. a, thin section of three cells of M. concilii within a filament. The entire
filament is bounded by a tubular sheath and each cell is separated from the next by a spacer
plug (arrowheads). Surrounding each cell is an amorphous granular matrix (M). Bar = 1
pm. b, higher magnification showing the enveloping layers in thin section. The plasma
membrane (PM) has an unusually thick and electron-dense surface leaflet. (S, sheath) Bar
= 100 nm. c-f, a sequence of thin sections showing the cell division process in M. concilii.
The large arrowheads point to the developing division annulus which is physically dividing
the cell as it grows towards the cell centre. On completion of growth, the annulus becomes
a spacer plug. All micrographs are the same magnification and the bar represents 100 nm.
g-i, these images represent the process of filament splitting. g shows the production of a
small protoplasmic element (arrow) which will be prone to filament fracture. Note that
spacer plugs (P) which restrain the protoplasmic element are both conical and point in the
same direction. h shows the sheath breaking down (arrow) above the plasma membrane
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due to the close juxtaposition of a thin wall layer with the outer face of the
cytoplasmic membrane, and is easily seen in sections of cells treated to remove
the matrix (Figure 2.9j) and as particles in freeze-etch images (Figure 2.9k).
Ingrowth of a division annulus which is separate from the cell wall, and which
begins from the sheath inner surface, initiated the division process and pushed
the cell wall-cytoplasmic membrane inward (Figure 2.9, c—f). Isolated sheath
tubes have multiple division annuli of different ingrowth states which apparently
occur at random lengths along the inner surface and which, presumably, represent
regions of cell division (Figure 2.4). The division process was shown in thin-
sections (Figure 2.9, c—i), negative stains, and freeze-etchings of cells and
division annuli (Figure 2.9, 1-0), to involve ingrowth of a monolayer composed
of concentric rings, followed by a second layer of wider concentric ribbons
(Beveridge, Patel, et al., 1986). Completed division annuli (spacer plugs) were
all aligned within the filament with their conical centers facing with the same
polarity and the ribbon-like layer laid down with the same sidedness. Cell division
is complete after the ingrowth and maturation of the division annulus (Figure
2.10, a—c), but this does not entirely explain the complicated process of multicel-
lular filament splitting. Filament splitting occurs at a site placed usually towards
the middle of a filament where a small fragment of protoplasm is partitioned by
two spacer plugs (Figure 2.9g). After this small cytoplasmic fragment has been

Figure 2.9. Continued residue within one of these small chambers. i shows the actual
process of filament splitting. Bars = 100 nm. j, thin section of a plasmolyzed cell during
protoplast extrusion in the initial stages of our sheath isolation and purification procedure.
The matrix has been extruded leaving an empty space between the sheath, spacer plug,
and cell. A thin granular layer (W) is still associated with the plasma membrane (PM) and
completely encapsulates the protoplast; k, freeze-etch image of a cell similar to j. The
concave hydrophobic surface of the plasma membrane (PM) is exposed and, at its periph-
ery, small particles can be seen studding the external surface. Presumably these are the
particles (W) seen in j. The shadow direction is denoted by the large arrow; 1-o0, these are
individual division annuli which are negatively stained or freeze-etched. 1is an immature
annulus and entirely consists of fine concentric rings. P, developing plug; S, sheath
remnant. m is an almost mature annulus of fine rings and this is infrequently seen. More
frequently, the annulus looks like that in n; the outer arrow points to a series of concentric
ribbons which lie on top of the layer of concentric rings. This layer is following the
ingrowth of the underlying ring layer and has advanced to the area immediately beneath
the second arrow. This second arrow points to the concentric ring layer; the third arrow
points to the central hole left in this uncompleted annulus. o is a freeze-etching: the ring
area is denoted by the small arrow, the ribbon region by the intermediate-sized arrow, and
the shadow direction by the large arrow. Note the height (thickness) of the ribbon layer
and that the annulus is not flat but, rather, conical. bars = 100 nm. Reproduced with
permission. a,b,j,k from Beveridge, Patel, et al. (1986) and c-i plus l-o from Beveridge,
Harris, et al. (1986).
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Figure 2.10. Diagrammatic representation of the series of structural events leading to cell
division (a-c) and filament splitting (d-f) in Methanosaeta concilii. No attempt has been
made to draw to scale. The cell wall and the particulate matrix, which lies between the
wall and the sheath and spacer plugs, has been left out to simplify the diagrams. The
spacer plugs consist of fine concentric rings denoted as a single transverse line and/or large
concentric ribbons denoted by the short double lines. The chromosome is denoted by the
tangled line at the center of each cell. Reproduced with permission, Beveridge, Harris, et
al. (1986).
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separated from adjacent cells by two division annuli, the sheath is broken (Figure
2.9h) and the two filament halves separate (Figure 2.9i). Presumably, the small
cytoplasmic fragment is sacrificed during filament splitting (Beveridge, Harris,
etal., 1986). A diagrammatic illustration of the complex division (Figure 2.10a—
c) and filament splitting (Figure 2.10d-f) processes is presented.

2.5.3 Other methanogens

In M. sinense the envelope is composed of a single S-layer which confers the
highly lobed shape to these cells (Pumet al., 1991). Evidence favours the insertion
of new elements to the growing S-layer at lattice faults which align along the
direction of septation. Small multiple invaginations on the cell surface appear to
fuse together forming a deep invagination at more advanced stages of division
(Figure 2.11a—f). Unlike more robust polymers, such as those that make up
murein or pseudomurein which are joined together into an encompassing matrix
by covalent bonding, S-layers depend on weaker bonding linkages (e.g., electro-
static, hydrophobic and H-bonding forces) and their formation is through the self-
assembly of preformed subunits. Pum et al. (1991) give us the first explanation
as to how these single S-layers, as the sole wall layer, can contribute to cell
division.

Other reports of division in methanogens include thin-sections of a Methanosar-
cina sp. in the process of wall ingrowth (Figure 2.12) and of apparently true
septum formation in a number of the Methanobacteriaceae (Figure 2.13 is repre-
sentative).

2.6 Cytoplasmic or Plasma Membrane

Invaginations of the cytoplasmic membrane to form internal membrane systems
have been reported in many methanogens viewed in thin-section (Zeikus and
Bowen, 1975). These structures were given functional and organelle status when
they were coined “methanochondria” to parallel the mitochondria of eukaryotes,
and evidence was presented to show that they represented the site of methane and
ATP synthesis (Kell et al., 1981; Sauer et al., 1981). This concept was disproven
subsequently by ultrastructural (Aldrich, Beimborn, and Schonheit, 1987; Sprott
et al., 1984) and biochemical (Kramer and Schonheit, 1987) data.

The frequency of “methanochondrial” sightings varied depending on the strain
tested and on growth conditions, and were independent of the capacity of the
culture to synthesize methane (Sprott et al., 1984). Some methanogens, such as
M. bryantii, produced internal membranes of similar form in both thin-sections
and freeze-fractures, but these were found only rarely (Figure 2.14a—c); most
cells were devoid of such structures (Figure 2.14d). This indicated no obligatory,
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Figure 2.11. Freeze-etched preparations of intact cells of Methanocorpusculum sinense
showing consecutive stages in the invagination of the cell wall and cell septation. Initially
shallow invaginations are formed which become longer and deeper as new S-layer material
is incorporated (a to f). Three discontinuous grooves of differing orientations are shown
in panel a. The division of deeper invaginations show that they can also fuse or branch
(e). A far advanced stage in the cell fission process is shown in panel f. The alignment of
lattice faults in line with the septation direction indicates the direction of the progressing
cell septation. Reproduced with permission, Pum et al. (1991).

bioenergetic role for “methanochondria”. Thin-sections of M. thermoautotro-
phicum AH had numerous uni- and multilamellar membranous inclusions, which
decreased dramatically in cells grown at depressed growth rates. Aldrich et
al. (Aldrich, Beimborn, and Schonheit, 1987) re-examined the issue with this
methanogen and identified a fixation protocol which, like the freeze-fracture
technique, produced specimens devoid of internal membranes (Figure 2.13).
Evidence favors the cytoplasmic membrane as the only energy transducing mem-
brane in methanogens.

Until recently, cytoplasmic membranes had only been isolated and character-
ized in M. hungatei (Sprott et al., 1983), despite the development of spheroplast/
protoplast formation methodologies for several methanogens (Sleytr et al., 1986;



Microscopy 105

Figure 2.12. Thin-section of acetate grown Methanosarcina strain CHTI 55. Invaginations
of the cell wall indicate active cell division. Reproduced with permission, Touzel et al.
(1985).

Jarrell et al., 1982; Jussofie et al., 1986; Sprott et al., 1979). A method to form
protoplasts of M. voltae by manipulation of cation concentrations (Patel et al.,
1993) may well apply to many other irregularly-shaped coccoid methanogens
which lyse in low ionic fluids such as water, and may prove useful in removing
S-layers prior to cytoplasmic membrane purifications. Presumably, the absence
of salts disrupts the bonding forces that hold these S-layers together. Membranes
purified by sucrose gradient centrifugations of osmotically lysed spheroplasts of
M. hungatei formed closed vesicles often with outward extensions (Figure 2.15b).
Like the Methanococcus vesicles of Patel et al. (Patel et al., 1993), those of M.
hungatei did not possess the S-layered cell wall and it may have been solubilized
inadvertently during purification of the membranes. The isolated membrane con-
sisted on a dry weight basis of numerous proteins (45-50%) separable on SDS-



Figure 2.13. Formation of internal membranous structures in Methanobacterium thermoau-
totrophicum during some fixation protocols for thin-sectioning.

Panel A, Technikosome is visible at upper arrow. Septum (lower arrow) has convoluted
membrane associated with it. Cell fixed in 0.5% glutaraldehyde-2.5% formaldehyde in
cacodylate buffer, followed by 1% OsO,. Panel B, Septum (s) has convoluted membrane
associated with it. Cell fixed in 2.5% glutaraldehyde—2.5% formaldehyde (15 min, room
temperature) in phosphate buffer, followed by 1% OsO,. Panel C, Mesosomes (m) are
visible on both sides of the septum (s). Cell fixed in 2.5% glutaraldehyde in phosphate
buffer, followed by 1% OsO,. Panel D, this is one of the best protocols involving chemical
fixation. It compares favorably with freeze substitution. No internal membranes. Nucleoid
(n) contains slightly coagulated fibrils of DNA. Cell fixed in 2.5% glutaraldehyde-2.5%
formaldehyde (15 min, room temperature) in cacodylate buffer, postwashed for 15 min
on ice and fixed with 1% OsO, for 30 min at room temperature. Reproduced with
permission, Aldrich et al. (1987).
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Figure 2.14. Comparison of the intracellular membranes of Methanobacterium bryantii in
(a) thin section and (c¢) freeze-fracture. The few internal membranes (IM) that were seen
resemble each other by the two techniques and occurred near the division site or the polar
region. A high magnification of an IM in this section is seen in b. Bars = 0.1 um. d, A
Pt-C replica of a culture of M. bryantii. Cells were grown at a 150-rpm agitation rate and
g = 12 h. The direction of shadowing is indicated by the arrow. Bar = 0.3 wm. Reproduced
with permission, Sprott et al. (1984).

PAGE gels, lipid (35-37%), non-lipid carbohydrate (primarily as rhamnose,
galactose and glucose) (5-7%), and ash (6—15%). About 94% of the lipid fraction
was comprised of ether lipids divided fairly equally between tetraether and diether
core structures; the remainder was neutral squalenes and hydrocarbons (Kushwaha
et al., 1981). Complete structures are published for all ether lipids excluding
several present in small amounts (Kushwaha et al. 1981, Ferrante et al. 1987).

Inside-out vesicles were made from protoplasts of M. voltae and strain Go1
prepared by trypsin treatment (Hoppert and Meyer, 1990), and a membrane
fraction from M. thermoautotrophicum was shown to catalyze methanogenesis
(Sauer et al., 1980).

Freeze-fracturing has been carried out on several methanogens and the cyto-
plasmic membrane usually splits down its center to reveal exoplasmic (EF) and
protoplasmic (PF) hydrophobic faces when using the nomenclature of Branton et
al. (Branton et al., 1975). Freeze-etch replicas have been produced for M.
vannielii (Jones et al., 1977), M. voltae (Koval and Jarrell, 1987), M. concilii
(Beveridge, Harris, et al., 1986), and M. mazei (Aldrich et al., 1986), all of
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Figure 2.15. Electron micrographs of isolated cytoplasmic membrane (CM) vesicles
from Methanospirillum hungatei. A, thin section of CM vesicles, the inset showing an
evaginated segment of CM; B, isolated CM stained with phosphotungstic acid revealing
projections of membrane from the vesicles. Reproduced with permission, Sprott et al.
(1983).

which show typical PF fracture faces with numerous intramembranous particles
and EF faces with depressions, particle-free areas, and relatively few particles
(Figure 2.9k is representative). The conclusion that tetraether lipids with C,-
hydrocarbon chains of abundance in thermoacidophiles span the tetraether-rich
cytoplasmic membranes with polar headgroups on either side (DeRosa et al.,
1986) is partially based on the absence of intramembrane fracture planes (Lang-
worthy, 1978). This suggestion is supported by the above results, since these
methanogens are tetraether negative and contain diether and hydroxydiether polar
lipids (Sprott et al., 1990). Contrary to this are results showing intramembrane
fractures in the case of M. thermoautotrophicum which produce both diether and
tetraether lipids in ratios depending on growth phase (Kramer and Sauer, 1991).
In a thermodynamic sense, the cleavage of covalent bonds between tetraether
headgroups by freeze-fracture is difficult to explain. Possibly, in M. thermoauto-
trophicum the tetraether lipids are segregated to distinct regions of the membrane
which cannot fracture. Those areas which have fractured are the remaining
membrane regions which contain diether lipids. Of note in this methanogen are
the large 14 X 28 nm cylindrical particles of unknown function which were seen
in the PF fracture face in addition to the common 10 nm particles.

To address the freeze-fracture issue of tetraether bilayers properly, it is neces-
sary to present both the relative frequency of intramembrane fractures to cross
fractures and the quantitative proportions of diether to tetraether lipids. M. jan-
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naschii was chosen for such a study (Beveridge et al., 1993) because the propor-
tion of diethers to tetraether lipids can be varied dramatically by changing growth
temperature (Sprott et al., 1991). Ether lipids (about 90% of the total membrane
lipid) were composed of 20% tetraether lipids after growth at 50°C and these
increased to 45% at 70°C. The corresponding frequencies of cross fractures
(Figure 2.16a) to intramembrane fractures (Figure 2.16b) were about 1:1 at 50°C
and 9:1 at 70°C, indicating that tetracther lipids can result in a significant reduction
of intramembrane fractures when at high concentration.

Liposomes can be prepared by detergent dialysis from the total polar lipids
extracted from several methanogens (Chocquet et al., 1992). Because of their
unusual chemically stable-lipid composition, these liposomes may be resistant
to chemical and physical perturbants and have biotechnological value. Freeze-
fractures of liposomes of M. voltae lipids (devoid of the proteins from the parent
membranes) revealed hydrophobic fracture surfaces, both concave and convex,
which were smooth (Figure 2.17). Multiple fracture faces were never seen,
indicating that the liposomes were unilamellar.

Figure 2.16. Freeze fracture micrographs of Methanococcus jannaschii cells grown at
different temperatures. a, cross fracture of a cell grown at 70°C; b, protoplasmic fracture
face from a cell grown at 50°C. Data of Beveridge and Sprott (unpublished).



Figure 2.17. Freeze-fracture micrograph of liposomes from Methanococcus voltae, indicat-
ing their unilamellar nature. Bar = 100 nm. The arrow denotes shadow direction. Repro-
duced with permission, Choquet et al. (1992).
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2.7 Particulate Enzymes
2.7.1 Localization

The F,,-reducing hydrogenases (FRH), and to a lesser extent the methyl
coenzyme M reductases (MCR), of methanogens behave on hydrophobic column
matrices as very hydrophobic enzymes, suggesting a functional association with
the cytoplasmic membrane. Immunogold labeling of thin-sectioned cells revealed
that FRH was localized predominantly in the cytoplasmic membrane (Baron et
al., 1989; Lunsdorf et al., 1991; Muth, 1988). MCR labeling occurred throughout
the cytoplasm of M. mazei (Thomas et al., 1987) and M. thermoautotrophicum
(Hoppert and Meyer, 1990). However, under growth conditions which limited
the amount of the F,,, prosthetic group of MCR, localization on the cytoplasmic
membrane was also demonstrated (Aldrich, Beimborn, Bokranz, et al., 1987;
Ossmer et al., 1986).

2.7.2 FRH

Negative staining with uranyl acetate and shadow-casting with platinum indi-
cated that FRH purified from M. thermoautotrophicum was a ring structure of
dimensions 15.7 nm wide X 8.5 nm deep with an inner channel, or invagination,
4 nm in diameter (Wackett et al., 1987). The calculated molecular weight for
this particle was 800 kDa. M. hungatei FRH showed similarly sized spherical
particles (15.9 nm X 12.5 nm) with a central area being stained only in some
cases (Figure 2.18a). The simplest interpretation favors that only one side of the
flattened sphere has a central pocket or depression (Figure 2.18b—d), rather than
a channel running completely through the particle which can become filled with
stain from either side (Sprott et al., 1987). FRH is proposed to consist of two
stacked rings. Each ring of the stack consists of four subunits and each of these
subunits is an assembly of an «, 3, and y polypeptide (Wackett et al., 1987).

In the absence of cryoprotectants, freezing at —20°C and thawing destroyed
the structural properties of FRH (Sprott et al., 1987).

2.7.3 MCR

Negative stains of MCR show an enzyme complex that is also spheroidal of
dimensions 8.5 X 9.0 X 11.0 nm with a stain-filled central area (Figure 2.19).
Concentrated enzyme suspensions formed crystals that upon disruption appeared
as paracrystalline layers of MCR particles (Wackett et al., 1987).



Figure 2.18. Electron micrographs of the native 15.9 nm F,,-reducing hydrogenase
negatively stained with 1% uranyl acetate. No alterations to the particle profiles were
observed when they were stained in ammonium molybdate. A, representation of a typical
field of the enzyme. The arrowheads point to the three particle profiles which were
observed; from left to right, flat subunit surface, surface with central depression, and
oblate edge view; B, high magnification of the surface which has the central depression
and of the particle seen in the upper left of the figure; C is of the flat surface and D is the
edge view. The images at the upper left of each figure are lower magnifications of the
same particles. Bar = 20 nm. Reproduced with permission, Sprott et al. (1987).
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Figure 2.19. Electron micrographs of methy! reductase negatively stained with uranyl
acetate (magnification, X280,000). This micrograph shows structures determined to be
the 3 X 10° kDa form of methyl reductase, as well as particles twice that size. Some
representative images of the 3 X 10° kDa form are highlighted with circles. Reproduced
with permission, Wackett et al. (1987).

2.7.4 ATPase

A mixture of inside-out vesicles, right-side out vesicles, and membrane frag-
ments was prepared from protoplast lysates of Methanosarcina strain G61. Immu-
nogold labeling with a polyclonal antiserum directed against the B-subunit of
Escherichia coli FF,-ATPase revealed a total of 5 (= 1.4) gold particles per
1000 nm’ of membrane surface (Mayer et al., 1987). Since background labeling
was negligible, it can be concluded that a dense population of ATPase particles
is anchored to the cytoplasmic membrane of this methanogen. Observation of
negatively stained vesicles (lacking the immunogold to prevent masking of struc-
tural data) revealed a high number of stalked particles (38 + 4.0 per 1000 nm?)
of subunit construction with a head-piece diameter of 10.0 * 0.7 nm. This size
and shape is similar to the F F,-proton translocating ATPase found in eubacteria
(Futai and Kanazawa, 1983).
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2.7.5 Methanoreductosomes

Inside-out vesicle preparations from Methanosarcina strain Go1 and M. voltae
revealed a high molecular weight complex 19—36 nm in diameter attached via
stalk-like connections with the same outer surface orientation as ATPase particles
(Hoppert and Mayer, 1990; Mayer et al., 1987). Immunolocalization showed that
the head-piece of the complex, called a methanoreductosome, contained MCR
(Mayer et al., 1987, 1988). The known tendency of MCR to aggregate in
concentrated solution (Hoppert and Mayer, 1990; Wackett et al., 1987) might be
suspected as a source of artifact formation during the drying process of negative
staining. Evidence against this is derived from freeze-etchings of cytoplasmic
membranes of strain G61 showing numerous particles corresponding in size to
the methanoreductosomes and the smaller F, portion of ATPase molecules (Mayer
et al., 1988). A model of the methanoreductosome and its size relative to the
ATPase is shown in Figure 2.20.

2.8 Appendages

Both flagella and fimbriae are produced by some species of methanogenic
bacteria (Doddema et al., 1979; Jones et al., 1977). Only a few examples will
be given here. M. hungatei is novel since mono- or bipolar flagella are inserted
through the relatively permeable end plugs of filaments (Ferry et al., 1974;
Southam et al., 1990). Surprisingly, filaments containing two or more cells are
able to coordinate flagellar rotation so that propulsion is achieved; in this case,
each tuft of flagella is contained by a separate terminal cell in the filament and,
often, central cells separate these terminal cells. M. voltae has peritrichous
flagella and a few thinner fimbriae (Koval and Jarrell, 1987). Three strains of M.
thermophilicum possessed a single flagellum per cell; fimbriae were detected in
only one strain (Zabel et al., 1985).

The flagellar filaments of methanogens are about 13 nm in width (Faguy et al.,
1992; Kalmokoff et al., 1988; Southam et al., 1990; Zabel et al., 1985) which
differs from the usual 20 nm thickness of eubacterial filaments (Kalmokoff et al.,
1988). Intact flagella consisting of filament, hook and basal body may be purified
by treating cell envelopes or spheroplasts with Triton X-114 (EDTA is required
with gram-negative eubacteria), and subsequent partitioning into the upper aque-
ous phase by temperature shift (Kalmokoff et al., 1988). M. vannielii (Figure
2.21) and three other species of this genus (not shown) had flagella atypical of
eubacteria with a basal structure represented by only a small knob, and a poorly
differentiated hook appearing as only a slight thickening of the filament near
the basal structure. The hook region and basal body rings are also difficult to
differentiate in M. hungatei (Southam et al., 1990).



Figure 2.20. Ultrastructural aspects of the methanoreductosome. al, an enzyme particle
is shown along with a diagram exhibiting the composition of the enzyme complex out of
a number of constituents. a2 and a3, free spherelike enzyme particles with an additional
group of subunits (arrows) but devoid of the membrane-integrated part seen in panel 1.
The particle is depicted with a diagram. The internal volume of R, in this diagram is
dotted: this indicates that the negative-staining solution can penetrate into R _, presumably
through the equivalent of a functional pore if the R.R,, complex is not attached to R, (see
panel 1). Panels 1 and 2 were negatively stained with phosphotungstic acid after extensive
air drying of the mounted sample; panel 3 was negatively stained with uranyl acetate
without air drying before the application of the negative staining solution. b, diagrammatic
view of the RR,, complex containing several copies of methyl-CoM methylreductase
attached to R,, the membrane-integrated part of the enzyme complex. c, the methanoreduc-
tosome associated with the cytoplasmic membrane, together with an F F,-like ATPase
particle and unspecified membrane proteins. The diagram is drawn to scale. Abbreviations:
ATPase, FF;-like ATPase particle; CM, cytoplasmic membrane; MR, copies of methyl-
CoM methylreductase; PO, equivalent of a functional pore in R,. Reproduced with
permission, Mayer et al. (1988).
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Figure 2.21. Intact flagellum of Methanococcus vannielii, prepared by Triton X-114
extraction of envelopes and negatively stained with 1% uranyl acetate. Bar = 50 nm.
Reproduced with permission, Kalmokoff et al. (1988).

2.9 Intracellular Granules and Vesicles
2.9.1 Storage Granules

Twelve strains and species of the Methanosarcinaceae, especially when grown
on methanol, were found to contain characteristic polyphosphate-like electron
dense 0.15-0.25 um particles in unstained thin-sections (Figure 2.22). Energy
dispersive X-ray microanalysis established that the granules contained P, Ca, Fe
and sometimes Mg, S, and Cl (Scherer and Bochem, 1983). Another species, M.
frisia, when grown on methanol contained granules of similar appearance which
could comprise up to 14% of the cell dry weight. By >'P NMR analysis they were
shown to consist of long chain polyphosphates (Rudnick et al., 1990). Electron
dense granules were observed in thin-sections of M. tindarius and, when the
granules were stained for light microscopy for polyphosphate, with toluidine blue
they stained positive (Konig and Stetter, 1982).

Glycogen granules were seen in thin-sections of Methanothrix strain FE and
these cytoplasmic granules when purified were found to contain glycogen with
an average chain length of 13 glucose residues (Pellerin et al., 1987).

2.9.2 Crystals and tubules

Crystals with a lattice of 7.7-8.0 nm appear near the cell periphery in older
cultures of M. mazei (Aldrich et al., 1986). Their origin is unknown and may
relate to overproduction of proteins such as FRH and MCR which tend to self-
aggregate.
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Figure 2.22. Electron micrographs of Methanosarcina barkeri Fusaro grown on acetate.
Cells were fixed with glutaraldehyde and the embedded and sectioned material was
poststained by lead citrate to demonstrate fibrils at the outside of the cells (hardly visible).
Reproduced with permission, Scherer and Bochem (1983).

Tubules that appear to be intrusions of the cytoplasmic membrane have been
observed in M. mazei (Aldrich et al., 1986) and M. voltae (Koval and Jarrell,
1987, 1989).

2.9.3 Gas Vesicles

Gas vesicles are found in M. vacuolata (Zhilina and Zavarzin, 1987), M.
barkeri strain FR-1 (Archer and King, 1984), and Methanothrix sp. CALS-1
(Zinder et al., 1987). These cylindrically shaped vesicles (Figure 2.23) can
occupy a large proportion of the cell volume. Purified gas vesicle membranes of
FR-1 had a rib spacing of 4.8nm (Archer and King, 1984).



Figure 2.23. Gas vesicles. A, negative stain electron micrograph of a filament of Metha-
nothrix sp. strain CALS-1 along side an empty sheath. Note striations (S) in the sheath,
the break (B) in the empty sheath, the cross-wall (CW), the protoplasmic cylinder (PC)
within the sheath, and gas vesicles (GV). Gas vesicles which have their long axis close
to perpendicular to the plane of the photograph appear American football-shaped. Marker
bar represents 1 wm; B, Release of gas vesicles from a vacuolate protoplast of Methanosar-
cina barkeri FR-1 stained with uranyl acetate. The marker bar represents 200 nm. Repro-
duced with permission: A, Zinder et al. (1987); B, Archer and King (1984).
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2.10 Summary

In this chapter we have attempted to present much of the research conducted
on methanogenic bacteria through the use of electron microscopy. This technique
has clearly revealed methanogens to possess several structural traits that are
unusual and unlike their eubacterial counterparts. This is especially true when
enveloping layers are compared. Of all others, the cell wall of Methanobacterium
spp. most closely resembles that of eubacteria (i.e., the gram-positive wall of
rods like B. subtilis). So far, no methanogens have been discovered which are
bounded by typical gram-negative eubacterial cell walls resembling an outer
membrane and thin peptidoglycan layer like that possessed by E. coli. Many
methanogens possess only a single S-layer as their wall (e.g., Methanococcus
spp.), whereas others such as Methanosarcina spp. can be bounded by thick
amorphous matrices of methanochondroitin depending on their environmental
conditions. M. hungatei, M. concilii and other representatives of these genera
are bounded by the most complex enveloping layers yet discovered; they possess
cell walls, sheaths, and spacer plugs. These envelope differences which are found
in methanogens ensure that their modes of cell division (Beveridge, Harris, et
al., 1986; Beveridge et al., 1987) (with the possible exception of Methanobacter-
ium spp; Aldrich, Beimborn, and Schonheit, 1987) must be subtly different from
the typical constrictive or septal fissions of eubacteria (Beveridge, 1989). Indeed,
these envelope differences found in methanogens and other archaeobacteria may
even alter our understanding of how prokaryotes react to such fundamental
microbiological criteria as the Gram stain (cf., Beveridge and Davies, 1983;
Beveridge et al., 1991).
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Physiological Ecology of Methanogens

Stephen H. Zinder

3.1 Introduction

Biological methanogenesis plays a major role in the carbon cycle on Earth.
Methanogenesis is the terminal step in carbon flow in many anaerobic habitats,
including marine and freshwater sediments, marshes and swamps, flooded soils,
bogs, geothermal habitats, and animal gastrointestinal tracts. CH, escaping from
anaerobic habitats can serve as a carbon and energy source for aerobic methano-
trophic bacteria, and can escape to the atmosphere, where it is a major participant
in atmospheric chemical reactions and is an important greenhouse gas.

Methanogenesis also has many practical applications. Anaerobic treatment of
organic wastes has been used in sewage treatment plants for nearly a century.
There is now increased interest in treating various industrial and agricultural
wastes using methanogenic mixed cultures, since methanogenic waste treatment
systems can be energy efficient, or even energy producing. Methanogenic mixed
cultures are being seriously considered for the treatment of certain toxic wastes,
including halogenated and aromatic organic compounds. Another human-made
methanogenic habitat is the sanitary landfill, and CH, is now being harvested
from many landfill sites.

Because of their impact on the environment and their roles in waste treatment
and energy conservation, there has been considerable study of methanogenic
habitats and mixed cultures. The study of the ecology of methanogens is easier
than for many other microbial groups because methanogens carry out well-defined
reactions which often account for a significant fraction of the carbon flow in
anaerobic habitats, and because methanogens have unique properties (e.g., resis-
tance to antibiotics, presence of F,,,) which facilitates their enumeration in natural
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habitats. This chapter will discuss the ecology of methanogens in anaerobic
habitats, with an emphasis on physiological characteristics of methanogens impor-
tant to their ecology, and on how methanogen physiology may affect carbon and
electron flow in those habitats. Recent monographs can be consulted for more
detailed information concerning the biology of anaerobic microorganisms (Zeh-
nder, 1988), and the processes leading to CH, in the atmosphere (Rogers and
Whitman, 1991).

3.2 Substrate Range of Methanogens

Probably the most salient physiological feature of the methanogens is their
extreme catabolic specialization. Despite the enormous phylogenetic diversity
represented by the methanogens (Woese, 1987), as a group they can only use a
small number of simple compounds, most of which contain one carbon (Table
3.1). Many methanogens use only one or two substrates, with the greatest versatil-
ity represented in some strains of Methanosarcina, which can use seven sub-
strates. A major consequence of this specialization is that in most anaerobic
habitats, methanogens are dependent on other organisms for their substrates.
Therefore, a food web of interacting groups of anaerobes is required to convert
most organic matter to methane, in contrast to aerobic ecosystems, where single
organisms can usually effect the complete oxidation of a complex organic mole-
cule to carbon dioxide.

It is not clear why methanogens cannot degrade more complex molecules, such
as glucose, to CH, and CO,. One view is that methanogenesis requires such com-
plex and specialized metabolic machinery that methanogens are unable to compete
with fermentative organisms more specialized for using complex substrates. A
related view, expressed by McInerney and Beaty (1988), is that the free energy
per electron is considerably higher for fermentative reactions than for complete
reactions coupled to methanogenesis or sulfate reduction. For example, fermenta-
tion of glucose to acetate and H, has a AG®' of —27 kJ per electron (and a AG’
of —39 kJ per electron under anaerobic bioreactor conditions) while the complete
dissimilation of glucose to CH, and CO, has a AG® of only — 16.8 kJ per electron.
Thus, a putative glucose utilizing methanogen would have to compete with a
more efficient fermentative organism. However, a glucose utilizing methanogen
which produces acetate and CH, from glucose could conserve —42.7 kJ per
electron, and it is not clear why such an organism has not been found to exist.
Mclnerney and Beaty (1988) also point out that anaerobic reactions are more
entropic than enthalpic (heat producing), in contrast to aerobic and nitrate reduc-
ing reactions which are mainly enthalpic (e.g., burning wood, nitroglycerin). As
a result, efflux of metabolic products may be important in driving anaerobic
reactions, and may be coupled to development of a proton motive force.
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Table 3.1 Methanogenic reactions

AGOI
Reactants Products kJ/mol CH, Organisms
4H, + HCO,” + H* CH, + 3H,0 —135  Most methanogens
4HCO,” + H" + H,0 CH, + 3HCO,” —145  Many hydrogenotrophic
methanogens
4CO + 5H,0 CH, + 3HCO,” + —196  Methanobacterium and
3H" Methanosarcina
2CH,CH,OH +HCO,” 2CH,COO™ + H" + —116  Some hydrogenotrophic
CH, + H,0 methanogens®
CH,COO™ + H,0 CH, + HCO,~ —31  Methanosarcina and
Methanothrix
4CH,OH 3CH, + HCO,™ + —105  Methanosarcina and other
H,0 + H* methylotrophic
methanogens
4(CH,),—NH" + 9H,0° 9CH, +3HCO,™ + —76  Methanosarcina and other
4NH,” + 3H" methylotrophic
methanogens
2(CH;),—S + 3H,0° 3CH, + HCO, + —49  Some methylotrophic
2H,S + H* methanogens
CH,0H + H, CH, + H,0 —113  Methanosphaera stadt-
manii, methylotrophic
methanogens

“Other short chain alcohols are utilized including isopropanol.

®Other methylated amines utilized include dimethylamine and methylamine.
‘Methyl mercaptan (methane thiol) is also used.

“AG®' values from Thauer et al., 1977.

The most widespread catabolic reaction carried out by the methanogens is the
reduction of CO, to CH, using H, as a reductant (Table 3.1). H, is a major
fermentation product in many species of anaerobic bacteria, fungi, and protozoa.
Most methanogens that can use H,—CO, for methanogenesis (hydrogenotrophs),
can also use formate as the electron donor for CO, reduction, using a formate
dehydrogenase (Schauer and Ferry, 1980). Formate is a common fermentation
product, especially in organisms which use a pyruvate-formate lyase in their
fermentative metabolism, such as Escherichia coli. Formate is also a fermentation
product of the plant metabolite oxalic acid (Allison et al., 1985).

Methanobacterium thermoautotrophicum (Daniels et al., 1978) and Methano-
sarcina barkeri (O’Brien et al., 1984) have been shown to grow on CO, apparently
extracting electrons from CO using CO dehydrogenase, although H, may be an
intermediate in the reaction. Growth on CO was very slow in both cases, and it
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is not clear that CO is an important methanogenic precursor in anaerobic habitats.
It has been more recently found that some hydrogenotrophic methanogens can
also use short chain alcohols as electron donors, oxidizing secondary alcohols to
ketones and primary alcohols to carboxylic acids (Widdel, 1986; Zellner and
Winter, 1987). This finding overturned the conventional wisdom that alcohols
other than methanol were not directly used by methanogens (Bryant et al., 1967),
as will be described later.

Acetate is the ultimate endproduct of many fermentative pathways (see below)
and can be an important CH, precursor in many habitats. Only two genera of
methanogens are known to use acetate: Methanosarcina and Methanothrix. Of
these two acetotrophic methanogens, Methanosarcina generally grows faster and
to higher yield, and can use several different substrates, including methylated
compounds and sometimes H,—CO,. Methanothrix is also called Methanosaeta
(Patel and Sprott, 1990). A restricted subset of the methanogens, the methylo-
trophs, can use methanol and methylated amines, and some cultures can use
methylated sulfides (Table 1.2). These include Methanosarcina, Methanococ-
coides, Methanolobus, and Methanohalophilus, all of which are members of the
Methanosarcinaceae in the Methanomicrobiales. Methanol is probably not a
major CH, precursor in anaerobic habitats, with small amounts arising from
cleavage of methylated compounds such as pectin (Schink and Zeikus, 1980).
Methanol may have been a more important methane precursor in early earth
history since it has been found in high concentrations in comets, which may have
made a significant contribution to the inventory of organic matter in the primordial
earth (Bockelée-Morvan et al., 1991). Methanosphaera stadtmanii, which is a
member of the Methanobacteriales is phylogenetically unrelated to the other
methylotrophic methanogens, and can only grow on methanol and H, (Miller and
Wolin, 1985).

Methylated amines, especially trimethylamine, are anaerobic breakdown prod-
ucts of methylated amino compounds such as choline and betaine. Choline is
a constituent of the important lipid lecithin, and is readily broken down to
trimethylamine. Betaine (glycine betaine) is a common osmoprotectant, accumu-
lated to high concentrations inside the cells of many organisms growing in the
presence of high salt (Csonka, 1989), and therefore considerable amounts of
betaine can be expected to occur in saline and hypersaline environments with
decomposing biomass. Trimethylamine N-oxide is also a common osmolyte in
fish, and can be readily reduced to trimethylamine by anaerobes. Methylated
sulfides are the breakdown products of the terminal methiol group of methionine
(Zinder and Brock, 1978), and can be derived from sulfonium osmoprotectants
such as dimethylpropiothetin (Kiene, 1990). They are generally minor methane
precursors, and not all methylotrophic methanogens can use methylated sulfides
(Oremland et al., 1989).
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3.3 Physiological Adaptations of Methanogens to Their Environments
3.3.1 Salinity

Methanogens can be found in the complete range of salinities from freshwater
to hypersaline. Freshwater methanogens typically require at least 1| mM Na*
since an inwardly directed sodium motive force is involved in the bioenergetics
of methanogenesis (Kaesler and Schonheit, 1989; Miiller et al., 1987). While
there is a great diversity of freshwater and marine methanogens, there are only
a few known extremely halophilic methanogens, all of which are methylotrophs
belonging to the Methanosarcinaceae. The high abundance of methylated osmo-
protectants (e.g., betaine, dimethylpropiothetin) in halophiles has probably se-
lected for methylotrophic methanogens in hypersaline environments in which
anaerobic decomposition occurs. The most halophilic methanogens described are
in the genus Methanohalophilus (Mathrani et al., 1988; Paterek and Smith, 1988;
Zhilina and Zavarzin, 1990). Methanohalophilus mahii can grow well in salt
concentrations up to 3 M. It is intriguing that 16S and 23S rRNA sequence
comparisons show a specific relationship between the aerobic extremely halo-
philic archaeobacteria, such as Halobacterium, and the Methanomicrobiales
(Burggraf et al., 1991), suggesting that the halobacteria and methylotrophic
methanogens may have shared a common ancestor. Moreover, the Methanosarci-
naceae are the only methanogens known to possess cytochromes (Kuhn et al.,
1983), which are found in halobacteria.

An interesting adaptation to salt is found in the genus Methanosarcina (Sowers
and Gunsalus, 1988). M. thermophila, considered to be a freshwater methanogen,
was found to grow in marine medium after an adaptation period. Salt-adapted
cells no longer had a thick “methanocondroitin” sacculus (Kreisl and Kandler,
1986) surrounding them, were sensitive to lysis by detergents, and grew as nearly
single cells rather than as large clumps. Adaptation to marine medium caused a
drop in the maximum growth temperature from 55°C to 45°C, consistent with the
sacculus playing a role in cellular stabilization. Salt-adapted cells could be slowly
adapted back to freshwater conditions. Similar results were obtained for several
mesophilic Methanosarcina cultures, although not all lost their sacculi. These
findings imply that the “methanocondroitin” sacculus in Methanosarcina is an
adaptation to low salinity, acting as a corset to counter internal turgor pressure.
That this sacculus is not found in the marine strain Methanosarcina acetivorans
further supports this hypothesis.

Like other organisms, methanogens adapt to salinity by accumulating compati-
ble solutes in their cytoplasm to equalize the external and internal osmolarity. In
the marine methanogen Methanococcus thermolithotrophicus, 3-glutamate was
detected along with a-glutamate (Robertson et al., 1990). The novel metabolite
Nr-acetyl-B-lysine was detected in Methanosarcina thermophila and in Methano-
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genium cariaci, Methanohalophilus sp., and Methanococcus deltae. At low
osmolarity a-glutamate was the primary cytoplasmic solute, but at higher salini-
ties, the proportion of N°-acetyl-3-lysine increased. When cells were grown in 1
M NaCl, the cytoplasmic concentration of N°-acetyl-B-lysine was close to 0.6 M
in M. thermophila. It has also been found that methanogens can accumulate
betaine if present in the growth medium (Robertson et al., 1990). Betaine was
found in cells grown in medium containing yeast extract, which presumably
provided betaine, or a precursor such as choline. More recently, both N,N.,-
dimethyl glycine and betaine were detected in Methanohalophilus mahii (Boone,
1992). Cells of M. thermophila or M. cariaci grown with betaine did not synthe-
size N°-acetyl-B-lysine when grown in medium containing betaine, indicating
that genetic or biochemical mechanisms must exist to regulate its synthesis.

3.3.2 Temperature

Methanogens are found in a wide variety of thermal regimes, from marine
sediments which are permanently at 2°C to geothermal areas above 100°C. There
is a great diversity of both mesophilic and thermophilic methanogens. In general,
thermophilic species grow more rapidly than corresponding mesophiles. For
example, the doubling time on H,—CO, at 37°C for Methanococcus voltae is
near 2 h while that for Methanococcus thermolithotrophicus at 65°C is near 1 h,
and the doubling time for Methanococcus jannaschii growing at 85°C in mineral
medium is under 30 min (Jones et al., 1983), faster than the growth of Escherichia
coli in glucose mineral salts medium. Growth rates of thermophilic acetotrophic
methanogens are also higher than those of corresponding mesophiles (Zinder,
1990).

Of the methanogens described in a comprehensive review (Jones et al., 1987),
only three species, Methanolobus tindarius, Methanogenium cariaci, and Metha-
nogenium marisnegri, have growth optima below 30°C and none of them can
grow below 10°C. There is evidence that temperatures below 15°C can greatly
limit methanogenesis in freshwater habitats such as lake sediments and rice
paddies (Conrad et al., 1987; Zeikus and Winfrey, 1976) and that the optimum
for methanogenesis in these sediments is often near 35°C. Conrad et al. (Conrad
et al., 1989) found that nearly all of the H, turnover in Lake Constance sediments
incubated at 4°C was resistant to chloroform inhibition and was therefore presum-
ably due to acetogens. H,—CO, or methanol enrichments from sediments incu-
bated at 4°C or 15°C only yielded acetogens. An acetogen isolated from Lake
Constance sediments was capable of growth at 0°C, while a methanogen isolated
from a rice paddy (none was isolated from Lake Constance) could not grow at
temperatures below 18°C. It is well known in the anaerobic digestor literature
that best results are obtained operating at temperatures near 35°C (McCarty,
1964), although operation of a manure digestor at 15°C has been reported (Zeeman
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et al., 1988). Non-coastal marine sediments are often near 4°C, and it is clear
that methanogenesis can occur in them (e.g., Warford et al., 1979), albeit slowly.
Such sediments would be a good place to find methanogens capable of growing
at temperatures less than 10°C.

Methanobacterium thermoautotrophicum, described in 1972 (Zeikus and
Wolfe, 1972) was the first thermophilic methanogen ever isolated. This hydro-
genotrophic methanogen grows optimally at 65°C and is cosmopolitan in its
distribution, being found in hot springs (Zeikus et al., 1980) and thermophilic
anaerobic digestors worldwide. Since that time, a considerable number of thermo-
philic methanogens have been described (Chapter 1). Notable among them are
the extreme to hyperthermophiles isolated by K. O. Stetter and colleagues:
Methanococcus jannaschii , a member of the Methanococcales isolated from an
undersea spreading center with an temperature optimum (z,,, ) of 85°C (Jones et
al., 1983), Methanothermus fervidus, a member of the Methanobacteriales iso-
lated from an Icelandic hot spring with a ¢, near 83°C (Stetter et al., 1981), and
Methanopyrus kandleri (Kurr et al., 1991), which was isolated from shallow
marine hydrothermal systems, has a ¢, near 100°C, and which does not belong
to previously described methanogenic orders. It is of interest that, to this point,
no extremely thermophilic methanogens belonging to the Methanomicrobiales
have been isolated, especially since acetotrophic methanogens belong to this
order (Zinder, 1990). The upper temperature limit for methanogenesis from
acetate is presently 70°C, although one would expect higher temperature strains
to exist.

It is not surprising that thermophily is common in methanogens since it is
widespread in the archaeobacteria (Woese, 1987). To adapt to high temperature,
an organism must ensure that its macromolecules (proteins, nucleic acids, and
lipids) can maintain their structure and function at elevated temperatures (Sun-
daram, 1986). In general, proteins from thermophiles are stable at high tempera-
ture in vitro and this thermostability is reflected in subtle changes in their amino
acid sequence (Sundaram, 1986). There is no evidence for novel amino acids
occurring in proteins from extremely thermophilic methanogens.

An interesting phenomenon is the accumulation of high concentrations of the
novel metabolite cyclic 2,3-diphosphoglycerate (cDPG) (see Part III, Chapters
10 and 11) in certain thermophilic methanogens. In the moderate thermophile
Methanobacterium thermoautotrophicum, the cDPG concentration in the cyto-
plasm of non phosphate-limited cells is near 65 mM, while it is near 0.3 M (with
K" as a counter-ion) in Methanothermus fervidus cells (Hensel and Konig, 1988),
and is present at 1.1 M in Methanopyrus kandleri cells (Kurr et al., 1991).
Glyceraldehyde-3-phosphate dehydrogenase and malate dehydrogenase from M.
Servidus were stabilized against denaturation at 90°C by the presence of 0.3 M
KcDPG (Hensel and Konig, 1988). This evidence is intriguing, but a cause and
effect relationship between cDPG and thermostability has yet to be established.
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There is also evidence that methanogens produce “heat shock proteins” in re-
sponse to elevated temperature (Herbert et al., 1991), and that some hyperther-
mophilic archaeobacteria, including methanogens, may constitutively produce
chaperonin-like proteins to maintain protein stability (Phipps et al., 1991).

High temperature denatures double stranded DNA into single strands, and
higher G+C content increases the temperature of denaturation. Therefore, one
might expect DNA from thermophiles to have a high G+C ratio, but this ratio
for the DNA from Methanothermus fervidus is, in fact, near 33% (Stetter et al.,
1981). While the high cytoplasmic potassium cDPG content in this organism
stabilizes the DNA somewhat (Hensel and Konig, 1988), a histone-like protein
appears to play a role in DNA stabilization in M. fervidus. This protein, called
HM{, binds nonspecifically to DNA and has been shown to raise the melting
temperature of linearized pUCI18 in low ionic strength buffer by nearly 25°C
(Sandman et al., 1990). Whether HMf-like proteins are more widespread in
thermophilic methanogens is not known. A novel DNA topoisomerase, called
reverse gyrase, has been found in hyperthermophilic archaeabacteria, including
M. fervidus and M. kandleri (Bouthier de la Tour et al., 1990), as well as in
hyperthermophilic eubacteria (Bouthier de la Tour et al., 1991). It is hypothesized
that this enzyme, which produces positive supercoils in DNA, leads to greater
stability of the more tightly coiled DNA.

Methanogens and other archaeobacteria have ether-linked isoprenoid lipids
[see Part I, Chapter 3 and Jones et al. (1987)]. Since only archaeobacteria can
grow at temperatures above 90°C, these lipids may be important in allowing
membrane integrity at those temperatures. Many thermophilic methanogens have
lipids in which the tail groups are covalently linked end-to-end, thereby forming
a single membrane-spanning tetracther molecule spanning the membrane. It
makes intuitive sense that membranes containing such lipids would be more
stable. Methanococcus jannaschii had a higher ratio of tetracthers to diethers
when grown at 75°C than at 45°C (Sprott et al., 1991), supporting this contention.
However, it should be noted that Methanopyrus kandleri, which grows a tempera-
tures over 100°C, does not have any tetraether lipids (Kurr et al., 1991).

3.3.3 pH

Most methanogens have pH optima near neutrality (Jones et al., 1987). There
are examples of methanogens existing in extreme pH environments; for example,
peat bogs can have pH values of 4.0 or below and can produce CH,,.. Peat samples
(initial pH = 3.9) still showed significant methanogenic activity when incubated
at pH = 3.0, although the optimal pH value for methanogenesis was near 6.0
(Williams and Crawford, 1984). H,—CO, addition stimulated methanogenesis
while acetate addition inhibited it, most likely due to acetic acid/acetate accumula-
tion inside cells (Russell, 1991). It has long been known that high concentrations
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of fatty acids can enhance the inhibitory effect of low pH on methanogenesis in
anaerobic bioreactors (McCarty, 1964). A hydrogenotrophic methanogen, most
likely Methanobacterium, was isolated from peat bogs, and was found to be able
to grow to pH values as low as 5 and to produce some methane down to pH =
3 (Williams and Crawford, 1985). A study of carbon flow in bog sediments (pH
= 4.9) using radiotracers (Goodwin and Zeikus, 1987) demonstrated that both
CO, reduction and methanogenesis from acetate could occur in those sediments
at pH values as low as 4.0, although optimal methanogenesis occurred at pH 5—
6.

There are also some moderately alkaliphilic methanogens, such as Methano-
bacterium thermoalcaliphilum (Blotevogel et al., 1985), which grows optimally
near pH = 8 and can grow at pH = 9. Many hypersaline habitats are alkaline,
and Methanohalophilus zhilinae, which has an optimum pH value of 9.2, was
isolated from an alkaline hypersaline lake in Egypt (Mathrani et al., 1988).

3.3.4 Oxygen

Methanogens have the reputation of being the strictest of anaerobes. It is
generally considered that methanogens need an oxidation/reduction potential in
the growth medium more negative than —0.3 V (Hungate, 1967). Hungate (1967)
calculated that the O, concentration at that potential is theoretically 107> mole
per liter, so that it can safely be assumed that O, is not present in well reduced
habitats.

Although methanogens will not grow or make CH, in the presence of oxygen,
they can be fairly tolerant to oxygen exposure. The most comprehensive study
of O, toxicity in methanogens was that of Kiener and Leisinger (Kiener and
Leisinger, 1983). They took the important precaution of measuring survival in
buffer lacking reducing agents, which can react with O,, thereby forming perox-
ides and other toxic byproducts. They found that viability dropped about 100-
fold within 10 h of exposure to air for Methanococcus voltae and Methanococcus
vanielii. Methanobrevibacter arboriphilus and Methanobacterium thermoauto-
trophicum maintained viability for several hours before dying, and Methanosar-
cina barkeri maintained viability for over 24 h, which was attributed to its forming
multicellular clumps. Thus, there is considerable variability in the sensitivity of
methanogens to O,. This suggests that methanogens can exist in some habitats in
which there are anaerobic microenvironments or in which transient anaerobic
conditions occur. For example, we have found (Chin and Zinder, 1982) viable
counts of hydrogenotrophic and acetotrophic methanogens greater than 10° per
gram dry weight in presumably aerobic soil under grass.

There is some evidence of adaptation to O, by methanogens. Low levels of
superoxide dismutase have been detected in methanogens (Kirby et al., 1981).
Another adaptation phenomenon was discovered in Methanobacterium thermoau-
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totrophicum (Hausinger et al., 1985). When this methanogen was exposed to O,,
it forms an ester between the phosphate group of AMP or GMP and the 8-hydroxy
group of the deazaflavin ring in the electron carrier coenzyme F,,,. These modified
cofactors had an absorbance maximum near 390 nm (and are therefore called F,,
derivatives) and they no longer reacted with F,,,-dependent hydrogenase. No F,q,
derivatives were detected in H, starved cells, and they were apparently converted
back to F,,, when anaerobiosis was restored (Kiener et al., 1988). This modifica-
tion may therefore act by switching off reductive metabolism in the presence of O,,
and may also serve as a general alarmone for the presence of oxygen (Hausinger et
al., 1985).

3.3.5 Genetic and Metabolic Regulation

An important aspect of the interaction between an organism and its environment
is the regulation of the organism’s activities in response to environmental stimuli.
Short-term responses usually involve regulation of enzyme activity while long-
term responses involve changes in gene expression (i.e., induction and repres-
sion). Only a few examples of this type of metabolic regulation have been found
in methanogens. A more detailed description of the molecular mechanisms of
gene regulation in methanogens can be found in Part IV, Chapter 12.

In terms of regulation of catabolic activity by substrate availability, many
methanogens use only one or two substrates, so that one may not expect to see
sophisticated regulatory networks. For example, Methanobacterium formicicum
showed less than a twofold increase in formate dehydrogenase (FDH) activity
when grown on formate versus growth on H,—CO, (Schauer and Ferry, 1980),
indicating that this enzyme is essentially constitutive in this organism. In contrast,
Methanococcus thermolithotrophicus showed a 10-fold higher FDH activity when
grown on formate alone than when grown on H,—CO, or H,—~CO, plus formate
(Sparling and Daniels, 1990), consistent with repression of FDH synthesis by
H,~CO,. Methanogens that use alcohols longer than methanol as electron donors
for CO, reduction will show alcohol dehydrogenase activity, even in the presence
of H,—CO, (Bleicher et al., 1989; Widdel and Wolfe, 1989). The presence of an
alcohol (not always one which can be utilized) in the growth medium was
necessary for this activity except in the case of Methanogenium thermophilicum
which expressed this activity when H, was limiting even when no alcohol was
present. Another response to H, limitation may be the synthesis of an autolytic
enzyme by Methanobacterium wolfei (Kiener et al., 1987), although the exact
purpose of this suicidal enzyme is unclear and it may even be related to induction
of a defective bacteriophage (Meile et al., 1989).

Probably the best studied catabolic regulatory system in methanogens is the
regulation of methanogenesis from acetate in Methanosarcina. Smith and Mah
(Smith and Mah, 1978) first demonstrated that when Methanosarcina was pre-
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sented with both methanol and acetate in the growth medium, it showed diauxie,
using methanol preferentially. Similar results were obtained for H,—CO, (Fergu-
son and Mah, 1983) or trimethylamine and acetate (Blaut and Gottschalk, 1982).
The AG®' per CH, for methanol or H,—CQ, is greater than for acetate (Table
3.1) and growth yields of Methanosarcina were greater on these substrates, so it
is not surprising that they are preferred. In the case of M. thermophila, it was
found that methanol-grown cells could use acetate at only 3% of the rate of
acetate-grown cells, even when acetate was present in the medium (Zinder and
Elias, 1985). Also, acetate-grown cells could only use methanol at 1% the rate
that methanol-grown cells could. Cells in the acetate phase of growth on methanol-
acetate medium could use either substrate alone or both together at rapid rates.
The results were consistent with a regulatory model in which acetate is repressed
by methanol, but methanol metabolism itself is inducible. There is now evidence
for regulation of carbon monoxide dehydrogenase (Krzycki et al., 1982) and
acetate kinase (Aceti and Ferry, 1988), two enzymes involved in methanogenesis
from acetate in Methanosarcina. These two enzymes may represent the “tip of
the iceberg” since out of 400 protein spots resolved in two-dimensional electro-
phoretograms from either acetate-grown or methanol-grown M. thermophila
cells, there were ca. 140 spots present in one but not the other, although some
of these changes may reflect changes in protein charge rather than synthesis
(Jablonski et al., 1990).

Interms of regulation of biosynthetic pathways, it appears that they are constitu-
tive in many methanogens. For example, most methanogens studied apparently
do not take up exogenous amino acids and therefore synthesize them de novo
with the exception of some Methanococcus spp. (Ekiel et al., 1985; Whitman et
al., 1987). Acetate can be taken up and used as a major precursor of cell
carbon in many methanogens (see Part III, Chapter 10). It was found that M.
thermoautotrophicum strain THF had approximately sixfold higher activity of
carbon monoxide dehydrogenase, an enzyme involved in acetyl-CoA synthesis
in this organism, than did cells grown in the presence of acetate (Lee and Zinder,
1988), suggesting regulation of the acetyl-CoA biosynthetic pathway.

Nitrogen fixation is an energetically costly process to a cell, and free living
eubacterial nitrogen fixing bacteria will regulate both biosynthesis and activity of
nitrogenase in the presence of a preferred nitrogen source such as ammonia
(Postgate, 1982). Nitrogen-fixing methanogens grown in the presence of ammonia
have been shown not to reduce acetylene to ethylene (Belay et al., 1984; Lobo and
Zinder, 1990), and Western immunoblot analysis showed that the dinitrogenase
reductase was not present in ammonia grown cells (Lobo and Zinder., 1990;
Magot et al., 1986), consistent with genetic regulation. Nitrogen fixing cells of
Methanosarcina exposed to ammonia concentrations as low as 10 uM showed a
transient cessation of acetylene reduction (Lobo and Zinder, 1990), a phenomenon
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called switch-off. Thus nitrogen fixation can be a highly regulated process in
methanogens with regulation occurring at both the genetic and metabolic levels.

The above examples show that methanogens can respond at the genetic and
metabolic level to some environmental stimuli. As we understand the biology of
methanogens better, other examples will arise, and perhaps they, in turn, will
allow us to understand better their role in the ecology of methanogens.

3.3.6 Motility and Gas Vesicles

Motility is found in the Methanococcales, and in the Methanomicrobiales in
the genera Methanospirillum, Methanogenium, Methanolobus, and Methanomi-
crobium (Jones et al., 1987). The architecture of the flagella of Methanococcus
voltae and Methanospirillum hungatei closely resembles that eubacterial flagella,
consisting of a helical filament, a hook region, and a disc-like basal body motor
(Kalmokoff et al., 1988). The only convincing rationale for motility in bacteria
is tactic response toward or away from environmental stimuli. Methanococcus
voltae requires acetate, leucine, and isoleucine, and all three were shown to be
attractants using an Adler capillary assay (Sment and Konisky, 1989). Histidine
was not an attractant. Methanospirillum hungatei strain GP1 showed chemotaxis
towards acetate (Migas et al., 1988), which it requires for growth.

It is likely that methanogenic substrates, such as H, or formate, are chemoattrac-
tants, but this has not been tested for methanogens, perhaps due to the formidable
technical task of establishing anaerobic gradients of these substrates, which are
also energy sources. Certainly, one can imagine that there would be a gradient
of H, emanating from a cellulose particle being decomposed by H, -producing
anaerobes, and that a methanogen which could follow that trail may have a
selective advantage, although other fermentation products, such as acetate, may
work as well. The advantage of chemotaxis would be negated in a mechanically
mixed system such as a stirred bioreactor.

Another mechanism that microorganisms can use to adjust their positions in
habitats is gas vesicles for flotation. Gas vesicles have only been detected in some
mesophilic Methanosarcina strains (Mah et al., 1977; Zhilina and Zavarzin,
1987) and three thermophilic Methanothrix strains (Kamagata and Mikami, 1991,
Nozhevnikova and Chudina, 1985; Zinder et al., 1987). The function of gas
vesicles in these organisms is not known. It has been noted that Methanothrix
sp. strain CALS-1 cells have fewer gas vesicles during earlier stages of growth,
and have more gas vesicles when entering stationary phase (Zinder et al., 1987).
I have occasionally noted bands of cells floating at the top of Methanothrix sp.
strain CALS-1 cultures that have exhausted their substrate. It is possible that this
is a mechanism to vacate a habitat poor in acetate. It should be mentioned that
the gas vesiculated Methanothrix sp. strain CALS-1 and Methanosarcina barkeri
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strain W (Mah et al., 1977) were both isolated from continuously mixed anaerobic
bioreactors where flotation would not be an advantage. Methanothrix-like cells
in a continuously mixed thermophilic bioreactor contained gas vesicles (Zinder
et al., 1984), suggesting that their presence was either vestigial or that they were
serving a function other than flotation.

3.3.7 Reserve Materials

Organisms require endogenous sources of energy and nutrients to survive times
when there is no exogenous source, and evidence has accrued that this holds
true for methanogens. For example, motile hydrogenotrophic methanogens often
maintain motility in wet mounts for microscopy long after the small amount of
H, present in the medium would have been exhausted. Often, these reserve
materials are polymers that can be stored as reserve sources of energy or nutrients
during times in which there is an excess of the nutrient they store. The reserve
polymers glycogen and polyphosphate have been detected in methanogens.

Glycogen was detected in Methanosarcina (Murray and Zinder, 1987), Metha-
nothrix (Pellerin et al., 1987), Methanolobus (Konig et al., 1985), and Methano-
coccus (Konig et al., 1985). The percentage of cell dry weight varied from about
1% up to about 13% in the case of Methanococcus thermolithotrophicus. Nitrogen
limitation and carbon/energy excess, the classic stimulus for glycogen storage in
other organisms, led to glycogen accumulation in Methanosarcina thermophila
and Methanolobus tindarius (Konig et al., 1985; Murray and Zinder, 1987).
Evidence for degradation of glycogen under energy starvation conditions was
obtained in both M. thermophila and M. tindarius (Konig et al., 1985; Murray
and Zinder, 1987), with complete mobilization occurring within 24 h in the case
of Methanosarcina. One mole of CH, was detected per mole of glycogen degraded
by M. tindarius. Evidence was obtained that glycogen-containing cells of M.
thermophila maintained higher ATP levels upon starvation than those lacking
glycogen and could switch more readily from acetate to methanol as a methano-
genic substrate (Murray and Zinder, 1987). These studies, while not clearly
showing cause and effect, suggest that glycogen can serve as a short-term energy
reserve in methanogens. It is curious that glycogen, an internal carbohydrate, can
be used by methanogens while utilization of exogenous carbohydrates has never
been detected. This may reflect the inability of methanogens to compete with
present-day fermentative bacteria for such substrates (McInerney and Beaty,
1988), as previously discussed.

Polyphosphate has also been detected in Methanosarcina (Rudnick et al., 1990;
Scherer and Bochem, 1983). It was shown that the amount of polyphosphate
stored by Methanosarcina frisia was dependent on the phosphate concentration
in the growth medium, with up to 0.26 g polyphosphate stored per gram of protein
in cells grown in medium with 1 mM phosphate (Rudnick et al., 1990). No
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physiological role has been investigated for polyphosphate in methanogens. In-
deed, while there is evidence polyphosphate can serve to phosphorylate sugars
and AMP and can serve as a phosphate reserve, the physiological roles of
polyphosphate in eubacteria are still not clear (Wood and Clark, 1988).

As previously mentioned, members of the Methanobacteriales and Methano-
pyrus (Kurr et al., 1991) contain cyclic 2,3-diphosphoglycerate (cDPG). Metha-
nosarcina frisia also has low cDPG levels (Rudnick et al., 1990). Because of the
high-energy ester bonds in this molecule, it is reasonable to assume that this
compound can serve as an energy reserve, and it was originally called “methano-
phosphogen” (Kanodia and Roberts, 1983), although direct evidence that it serves
such a role is lacking. Methanobacterium thermoautotrophicum was found to
store cDPG only when phosphate and H, were available (Seely and Fahrney,
1984). Evidence has also been obtained that cDPG may serve as a biosynthetic
intermediate (Evans et al., 1985). Recently it was found that extracts of M.
thermoautotrophicum contained high levels of 2,3-diphosphoglycerate, which
could be converted to ATP via the formation of phosphoenolpyruvate (van Ale-
beek et al., 1991). The authors speculated that the 2,3-diphosphoglycerate could
be derived from cDPG, and this reaction was recently detected in M. thermoauto-
trophicum extracts (Sastry et al., 1992). Thus, a variety of roles for cDPG
have been proposed (phosphogen, phosphate storage compound, biosynthetic
intermediate, protein stabilizer, osmolyte) and it may fulfill one or more of these
in different methanogens.

3.4 Microbial Interactions
3.4.1 Competition for Methanogenic Substrates: General Considerations

Methanogens generally compete with three other major anaerobic metabolic
groups for their substrates in natural habitats: sulfate reducing bacteria, acetogens
(Table 3.2), and ferric iron (Fe’* ) reducers. Most sulfate reducing bacteria are
clustered in the delta branch of the Gram negative proteobacteria (Woese, 1987).
The genus Desulfotomaculum is in the Gram positive branch of the eubacteria,
and the extreme thermophile Archaeoglobus is an archaebacterium (Woese,
1987). They can use sulfate, or other oxidized forms of sulfur such as thiosulfate,
sulfite, and elemental sulfur, as electron acceptors producing sulfide as the major
reduced product (Widdel, 1988). As a group, they can use a much greater diversity
of electron donors than do methanogens, including organic acids, alcohols, amino
acids, and aromatic compounds. Acetogens (sometimes called H,-consuming
acetogens, or homoacetogens) are in the Gram positive branch of the eubacteria
(Woese, 1987), and, as a group, can use an even greater variety of substrates,
including sugars, purines, and methoxyl groups of methoxylated aromatic com-
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Table 3.2 H, and acetate utilization by Fe’* reducing bacteria, sulfate reducing
bacteria, methanogens, and acetogens

AGO'
Reactants Products kJ/rxn
4H, + 8Fe’* 8H* + 8Fe** -914
4H, + SO + H* HS™ + 4H,0 ~152
4H, + HCO,” + H* CH, + 3H,0 —135
4H, + 2HCO,” + H* CH,COO™ + 4H,0 —105
CH,COO™ + 8Fe’* + 4H,0 2HCO,” + 8Fe** + 9H* —809
CH,COO™ + SO, 2HCO,” + HS— -47
CH,COO™ + H,0 CH, + HCO,” ~31

“AG®’ values from (Thauer et al., 1977).

pounds (Ljungdahl, 1986). Fe’* reducers have only recently been described. One
Fe’* reducer, called GS-15, can use acetate or aromatic compounds as electron
donors (Lovley and Lonergan, 1990; Lovley et al., 1987), while Shewanella
putrifaciens can use H,, formate, or organic compounds as electron donors for
ferric iron reduction (Lovley et al., 1989).

From ecological data described below, it is found that in habitats in which
organic substrate (electron donor) is limiting, there is a hierarchy for competition
for electron donor in which Fe** reducers can outcompete other organisms if their
electron acceptor is present, followed by sulfate reducing bacteria, methanogens,
and acetogens. For example, addition of sulfate to freshwater sediments, where
it is usually present in limiting amounts, often greatly inhibits methanogenesis
(Abram and Nedwell, 1978; Lovley et al., 1982; Winfrey and Zeikus, 1977).
While this is in agreement with the AG®' values for the reactions (Table 3.2), the
differences between the values are modest, with a 12.5% more favorable AG®’
for sulfate reduction versus methanogenesis using H, as the electron donor. Yet
methanogenesis is often nearly completely inhibited in habitats high in sulfate,
such as marine sediments. However, these AG®’ values are for substrates and
products at molar concentrations for solutes and 1 atm partial pressures for gases,
and these differences in reaction thermodynamics become more significant under
conditions found in natural habitats. First, competition for H, will be discussed,
followed by competition for acetate and other substrates.

3.4.2 Competition for H,

H, in methanogenic habitats is simultaneously produced and consumed and its
steady-state concentration is often extremely low in habitats receiving limiting
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amounts of organic matter, such as in lake sediments (Table 3.3). The develop-
ment of the reduction gas detector to detect H, in sub part-per-million partial
pressures has greatly increased our understanding of H, dynamics in such systems.
The partial pressure of H, in headspaces in equilibrium with methanogenic lake
sediments, for example, is typically only a few pascals (1 Pa = 10™> atm or
10 parts-per-million), and this represents a dissolved H, concentration in the
nanomolar range. H, partial pressures can be higher in systems with a higher
organic loading rate or shorter retention time, i.€., anaerobic digestors and the
animal rumen (Table 3.3).

The first approach to understanding competition between H, -consuming anaer-
obes was to examine apparent K,, values for H, utilization. Robinson and Tiedje
(1982) pointed out the importance, when measuring the progress of H, utilization,
of ensuring that the H,-consuming reaction was occurring slowly enough so that
the reaction is not limited by H, transfer from the gas phase to the liquid phase.
Such phase transfer limitation can cause overestimation of apparent X, a problem
in some previous studies. Results for pure cultures and some natural systems are
shown in Table 3.4. Apparent K,, values for H, uptake by methanogens and
methanogenic habitats were 4-8 uM H, (550-1100 Pa), while values were lower
for sulfate reducing bacteria, about 2 uM, and Sporomusa termitida, an acetogen,
had a K, value of 6 uM. V_,, values were more variable, with methanogens and
sulfate reducing bacteria having similar values (Robinson and Tiedje, 1984).
While K,, values did correlate with the ability of sulfate reducing bacteria to
outcompete methanogens, they are considerably higher than the H, concentrations
found in natural habitats (Table 3.3). These high K|, values probably represent
intrinsic limitations on on the ability of hydrogenases to use H, at low partial
pressures.

An alternative to the Michaelis-Menton model to describe the interactions of
anaerobic hydrogenotrophs is one involving minimum thresholds for substrate

Table 3.3 Representative H, concentrations in methanogenic habitats

Habitat H,(Pa)* H,(nM) Reference”
Lake Mendota sediments 4.8 36 )
Knaak Lake sediments 3.7 28 1)
Rice paddy 2.7 28 )
Sewage sludge 217. 203 (¢))
Rumen fluid (basal level) 187 1,400 3)
Rumen fluid (post-feeding) 2,000 15,000 3)

“(Pascals, 1 atm = 101.1 X 10° Pa.
*References: 1, Conrad et al., 1986; 2, Conrad et al., 1987; 3, Smolenski and Robinson,
1988.
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utilization. Lovley et al. (1982) showed that addition of sulfate to Wintergreen
Lake sediments corresponded with a decrease in the H, partial pressure from ca.
1 to 0.2 Pa concurrent with inhibition of methanogenesis and suggested that the
latter H, partial pressure was below the point at which methanogens could use
H,. Subsequently, Lovley (1985), showed that resting cells of several mesophilic
hydrogenotrophic methanogens could not use H, at partial pressures below 6 Pa.
The the pure cultures were assayed at 39°C, and as will be discussed presently,
temperature can affect the thermodynamics of the reactions (Conrad and Wetter,
1990; Lee and Zinder, 1988) with higher thresholds occurring at higher tempera-
tures.

A wide range of hydrogenotrophic anaerobes were examined for H, thresholds
(Cord-Ruwisch et al., 1988), and there was an inverse correlation between the
free energy available for the reaction and the threshold (Table 3.5). The threshold
for methanogens was considerably below that for an acetogen, while that for a
sulfate reducer was lower still. Thus, sulfate reducers can reduce the partial
pressure of H, to a level low enough that methanogens cannot use it. Acetobacter-
ium woodii could use H, at much lower partial pressures when it used caffeate as
an electron acceptor, showing that thresholds were more reaction-specific than
organism-specific.

Thresholds can be readily explained by the thermodynamic effect of H, partial
pressure on H, consuming reactions. This can be estimated by the free energy
form of the Nernst Equation. For a chemical reaction occurring at 25C: aA + bB
— ¢C + dD, we can estimate the AG' (pH = 7) in kJ as:

Table 3.4 Apparent K, values for H, uptake by pure cultures and methanogenic
habitats

Apparent K,

Organism or habitat uM Pa Reference’
Methanospirillum hungatei 5 670 1
Methanosarcina barkeri 13 1,700 1
Methanobacterium thermoautotrophicum 8 1,100 2
Methanobacterium formicicum 6 800 2
Desulfovibrio vulgaris 2 250 1
Desulfovibrio desulfuricans 2 270 2
Sporomusa termitida 6 800 3
Rumen fluid 4-9 ~860 4
Sewage sludge 4-7 ~740 4

“References: 1, Robinson and Tiedje, 1984; 2, Kristijansson et al., 1982; 3, Breznak et
al., 1988; 4, Robinson and Tiedje, 1982.
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©’my*
(AY(B)

(©)(D)’

AG' = AG® + RTIn = AG® +5.7 logm

where (A) denotes the molar concentration of A if it is a solute, or its partial
pressure in atm if it is a gas, R is the ideal gas constant and T is the absolute
temperature in degrees kelvin. H, O or H" are not included in the quotient since
their concentrations are constant at’55 M and 10™" M (i.e., pH = 7), respectively,
under standard conditions. For methanogenesis from H,—CO,, with HCO,™ at
10 mM and CH, at 0.5 atm, one can calculate the dependence of the AG' on H,
partial pressure as follows:

AG' = —-131+5.7 log(}(l(é% —5.7log (Hy)* = —123 — 22.8 log (H,)
Thus, plotting the log of H, partial pressure versus AG’, a straight line with
slope 22.8 kJ/10-fold increase in H, partial pressure is generated (Figure 3.1).
Lines of identical slope are generated for acetogenesis and sulfate reduction using
H, since they also use four moles of H, per reaction. However, they intersect
AG’ = 0 at different H, partial pressures.

Table 3.5 Thresholds for hydrogenotrophic anaerobes

AG® H, Threshold
Organism Electron Accepting Rxn  (kJimolH,) (Pa) (nM)
Acetobacterium woodii CO, — acetate —-26.1 52. 390.
Methanospirillum hungatei CO,— CH, -33.9 3.0 23.
Methanobrevibacter smithii CO,— CH, =339 10. 75.
Desulfovibrio desulfuricans SO, — H,S —38.9 0.9 6.8
Acetobacterium woodii caffeate — hydrocaffeate —85.0 0.3 23
Wolinella succinogenes fumarate — succinate —86.0 0.002 0.015
Wolinella succinogenes NO,” — NH,* —149. 0.002 0.015

“Data from Cord-Ruwisch et al. (1988).

Also represented on Figure 3.1 are the minimum thresholds for the three groups
from Table 3.5. There is approximately 25 kJ/rxn of energy available for energy
for methanogens and acetogens at their thresholds, clearly not enough to conserve
an ATP (30-45 kJ/mol, Thauer et al., 1977), while sulfate reducing bacteria can
conserve close to 45 kJ/rxn under the specified conditions. These values are
considerably less than the AG®' values, which better approximate the energy
potentially available to pure cultures incubated under several atm of H,. Thus,
these organisms are energetically “geared” to use H, at the low partial pressures
found in natural habitats.
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Figure 3.1. Effect of H, partial pressure on the free energy of methanogenesis, sulfate
reduction, or acetogenesis using H, . The equations for the reactions are in Table 3.2. The
dots show typical H, thresholds for the various microbial groups shown in Table 3.5. The
concentrations for the products and reactants other than H, are: HCO,™ and SO,””, 20
mM; CH,, 0.5 atm; HS™ = 1 mM; acetate, 10 mM.

At 107* atm (10 Pa) H,, a methanogen could still be active, while an acetogen
would not be able to use H,. Similarly, a H, partial pressure of 10~ atm would
allow a sulfate reducer to use H,, but not a methanogen. Thus, the threshold
model provides a good explanation for the competitive hierarchy seen in natural
habitats. It should also be mentioned that at 10™* atm, the E°’ value for the H,/
H" couple is only —296 mV, not the standard E°' value of —414 mV for 1 atm
H, at pH = 7.

Fe’* is often supplied to anaerobic habitats, such as sediments, by diffusion
from aerobic zones, where Fe'? is chemically or biologically oxidized by O,.
The energetics of Fe’" reduction are extremely favorable (Table 3.2), although
the limited solubility of Fe’* probably makes the actual free energies considerably
lower. Both methanogenesis and sulfate reduction in Potomac river sediments
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were inhibited by addition of Fe’* (Lovley and Phillips, 1987). The H, partial
pressures were 0.82 Pa, 0.17 Pa, and 0.03 Pa in methanogenic, sulfate amended,
and Fe’* amended sediments, respectively (Lovley and Phillips, 1987), consistent
with threshold models. Amorphous ferric hydroxide was the most effective form
of Fe**, apparently because of the greater availability of Fe’* as compared to
more highly crystalline forms.

3.4.3 Competition for Acetate

While little is known about the physiological properties that will favor one
hydrogenotrophic methanogen species over another, there is considerable evi-
dence that high acetate concentrations favor the faster growing and more versatile
Methanosarcina, while the slow growing specialist Methanothrix is usually fa-
vored by low acetate concentrations. For example, in our own studies on popula-
tions in a thermophilic anaerobic bioreactor (Zinder et al., 1984), a displacement
of Methanosarcina by Methanothrix as the dominant acetotrophic methanogen
was correlated with acetate concentrations falling below 1 mM, and similar results
have been obtained in another thermophilic bioreactor (Wiegant and de Man,
1986). As in the case of hydrogenotrophic methanogens, both Michaelis-Menton
and threshold models have been used to describe this competition.

Values for apparent K|, for acetate utilization by Methanosarcina typically are
3-5 mM, while those for Methanothrix cultures are typically less than 1 mM
(Table 3.6). The K, values presented in Table 3.6 were measured in different

Table 3.6 Apparent K, values and minimum thresholds for acetate catabolism by
acetotrophic anaerobic cultures.

Organism Apparent K,, Reference® Threshold Reference”
Methanosarcina barkeri Fusaro 3.0 1 0.62° 2
Methanosarcina barkeri 227 4.5 3 1.2 3
Methanothrix sp. — — 0.069 3
Methanothrix soehngenii Opfikon 0.8 4 0.005 5
Methanothrix sp. CALS-1 >0.1 6 0.012 6
Methanothrix soehngenii GP 1 0.86 7 — —
Methanothrix soehngenii MT-1 0.49 7 — —_
TAM organism 0.8 mM 8 0.075 8
Acetate-oxidizing syntrophic culture — — >0.2 mM 9
Desulfobacter postgatei 0.23 1 — —

“References: 1, Schonheit et al., 1982; 2, Fukazaki et al., 1990; 3, Westermann et al.,
1989; 4, Huser et al., 1982; 5, Jetten et al., 1990; 6, Min and Zinder, 1989; 7, Ohtsubo
et al., 1992; 8, Ahring and Westermann, 1987; 9, Zinder and Koch, 1984.

®All values are millimoles per liter.
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ways: some were from progress curves for acetate utilization (Ahring and West-
ermann, 1987; Jetten et al., 1990; Min and Zinder, 1989; Schonheit et al., 1982),
some were from initial rates at different acetate concentrations (Ohtsubo et al.,
1992; Westermann et al., 1989), and others were based on the effect of acetate
on doubling time for methanogenesis (Huser et al., 1982). Thus, it is not surpris-
ing that different results can be obtained, sometimes even for the same strain.
For example, Methanothrix soehngenii Opfikon had a K, value, based on the
doubling time for methanogenesis from acetate, near 0.8 mM (Huser et al.,
1982), while progress curves for acetate utilization showed no diminution of rate
down to concentrations below 0.1 mM (Jetten et al., 1990). Temperature can
also affect X, values for acetate (Westermann et al., 1989). In any event, it is
clear that K, values are lower for Methanothrix than Methanosarcina. This can
be attributed to their respective mechanisms of acetate activation. There is strong
evidence that Methanosarcina uses acetate kinase/phosphotransacetylase to form
acetyl-CoA (Aceti and Ferry, 1988), while Methanothrix uses an acetyl-CoA
synthetase (acetate thiokinase) (Jetten et al., 1990), which have K, values for
acetate close to those determined for the organism in which they are found (for
a more detailed description see Part II, Chapter 6).

Minimum thresholds for acetate utilization have also been found for aceto-
trophic methanogens. Those for Methanosarcina are typically 0.5 mM and higher,
while those for Methanothrix are in the micromolar range (Table 3.6). An interest-
ing contribution was made by Fukazaki et al. (1990), who showed that the acetate
threshold for M. barkeri Fusaro was 0.26 mM at pH = 6.3, and 2.17 mM at pH
= 7.4. Interestingly, the amount of undissociated acetic acid at these pH values
was 6.7 and 4.4 uM, respectively, suggesting that acetic acid is the actual
substrate responsible for the threshold. This pH effect may be a partial explanation
for different results obtained for acetate thresholds and apparent K, values in
various studies. Figure 3.2 shows that there is roughly twice as much free energy
available to Methanosarcina at its threshold near 1 mM acetate than there would
be to Methanothrix at 5 uM acetate. Indeed, yield coefficients for growth on
acetate are typically lower for Methanothrix than for Methanosarcina (Huser et
al., 1982; Smith and Mah, 1978; Zinder et al., 1987), suggesting that Metha-
nothrix conserves less energy than does Methanosarcina from methanogenesis
from acetate, and that this lower efficiency of energy conservation allows it to
use acetate at lower concentrations.

Methanothrix can be considered a specialist that only uses acetate, uses it
slowly and with low yield, but can use it even at very low concentrations. On
the other hand, Methanosarcina is more of a generalist, being able to grow
on several substrates, use them rapidly with higher cell yield [cell yields of
Methanosarcina on H,—CO, are also generally higher than strictly hydrogeno-
trophic methanogens (Daniels et al., 1984)], but can only use acetate at relatively
high concentrations. All other things being equal, Methanosarcina would be
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Figure 3.2. Effect of acetate concentration on the free energy available from methanogen-
esis from acetate (Table 3.1) by mesophilic acetotrophic methanogens. It is assumed that
the thresholds for acetate are 1 mM for Methanosarcina (Fukazaki et al., 1990) and 5 uM
for Methanothrix (Jetten et al., 1990), and that the HCO,  concentration is 10 mM and
the CH, partial pressure is 0.5 atm.

favored under conditions in which a high input of organic matter leads to rapid
accumulation of acetate, such as a starting up anaerobic bioreactor or in decom-
posing fecal matter, while Methanothrix should be favored in much more stable
habitats, such as a bioreactor operating efficiently under long term stable condi-
tions or lake sediments. This interaction between the two genera has been com-
pared to r versus K selection in animals (Zinder et al., 1984). It should be
remembered that this is only one facet of competition between two organisms,
and many other factors will influence their competition.

The TAM organism is a thermophilic acetotrophic methanogen that can use
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H,—CO, and formate in addition to acetate (Ahring and Westermann, 1985). It
has a doubling time on acetate of four days, considerably longer than typical
doubling times for thermophilic Methanosarcina (ca. 0.5 d) or Methanothrix (ca.
1 d). Its kinetic constants are closer to those of Methanothrix (Table 3.6). An
acetate oxidizing coculture (see below) was not specifically examined for thresh-
old values, but a recent analysis by the author of data on acetate consumption by
this culture (Zinder and Koch, 1984) indicates that it could use acetate down to
concentrations at least as low as 0.2 mM. This is of interest in light of the
recent finding of acetate oxidation at acetate concentrations below 1 mM in a
thermophilic anaerobic bioreactor in which Methanosarcina was present, but not
Methanothrix (Petersen and Ahring, 1991).

Other acetotrophic anaerobes include sulfate reducers and Fe’* reducers. As
with H,, high sulfate or Fe’* typically inhibits methanogenesis from acetate in
sediments. The acetate concentration in methanogenic Potomac river sediments
was near 5 uM (Lovley and Phillips, 1987), identical to the minimum threshold
of Methanothrix soehngenii (Jetten et al., 1990). Addition of sulfate to those
sediments lowered the acetate concentration to near 2 uM, and addition of Fe’*
lowered it to 0.5 uM.

3.4.4 Competition for Other Methanogenic Substrates

Low rates of methanogenesis are found in sulfate dominated marine and estua-
rine sediments. Sulfate inhibited methanogenesis from added H, /CO, and acetate
in San Francisco Bay sediments, but not methanogenesis from methanol, trimeth-
ylamine, or from methionine, which can be converted to methane thiol and
dimethyl sulfide (Oremland and Polcin, 1982). Furthermore, addition of the
methanogenic inhibitor bromoethane sulfonic acid caused buildup of methanol
concentrations in the sediments, and ** C-methanol was converted to methane in
these sediments (Oremland and Polcin, 1982). It was postulated that these methyl
compounds were ‘“noncompetitive” substrates that sulfate reducers utilized poorly
if at all. However, evidence for methanol oxidation by sulfate reducing bacteria
in marine sediments has been obtained (King, 1984), as well as for some oxidation
of methylamines, and it is not clear which environmental conditions favor metha-
nogenesis versus sulfate reduction using methylated substrates (Kiene, 1991).

3.4.5 Obligate Interspecies H,/Formate Transfer

Methanogens were originally believed to be able to grow on propionate and
butyrate and alcohols longer than methanol. One such culture was Methanobacil-
lus omelianskii, which was believed to oxidize ethanol to acetate and use the
electrons to reduce CO, to CH,. This culture was resolved by M. P. Bryant and
collaborators (Bryant et al., 1967) into two organisms: the S (symbiotic) organ-
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ism, which oxidizes ethanol, and Methanobacterium MoH (methanogen oxidizing
hydrogen, now Methanobacterium bryantii). This finding was a major conceptual
breakthrough in our understanding about anaerobes and their interactions. It was
realized that two organisms, an H, producer and an H, consumer, could couple
together to break down a single substrate, an example of syntrophism (Gk.-eating
together).

The equations describing the reactions carried out by the partners in the M.
omelianskii culture are shown in Table 3.7. In essence, the H, consumer pulls
the reaction of the H, producer by removing H,, keeping its partial pressure low.
The S organism grows poorly on ethanol, because the H, partial pressure rapidly
builds up to levels that make ethanol oxidation thermodynamically unfeasible.
The methanogen cannot grow alone on ethanol, which it is unable to use as an
electron donor. Thus, this is a true mutualistic symbiosis in which each organism
requires the other in order to grow. After this discovery, methanogens were not
considered to be able to grow on ethanol and longer alcohols, but Widdel and
coworkers (Widdel, 1986) demonstrated that some hydrogenotrophic methano-
gens indeed can use alcohols.

The effects of H, partial pressure on the thermodynamics of ethanol oxidation
and methanogenesis are shown in Figure 3.3. Lower H, partial pressures make
ethanol oxidation more favorable and methanogenesis less favorable. The H,
partial pressure must be poised at a point at which both organisms can conserve
energy. As discussed previously, methanogens cannot use H, at partial pressures
below about 6 X 107° atm at 35°C. A study of energy partitioning in syntrophic
cocultures of the ethanol oxidizer Pelobacter acetylenicus (Seitz et al., 1990), it
was found that ethanol oxidation did not occur if H, partial pressures caused the
AG' to be less favorable than —16 kJ/mol ethanol, which would correspond to
an H, partial pressure near 107> atm in Figure 3.3. Therefore, for both organisms
to conserve energy, the H, partial pressure must be poised within the “window”
of 6 X 107° to 107 atm.

Fatty acid oxidizing syntrophic cocultures are more tightly coupled (Table
3.7), and their “co-isolation” had to await the development of the ingenious
technique of isolating colonies of the H, producer on a lawn of H, consumers
(Mclnerney et al., 1979), thereby ensuring close proximity. Using this technique,
cocultures were co-isolated of the butyrate-oxidizing Syntrophomonas wolfei
(MclInerney et al., 1981), the propionate-oxidizing Syntrophobacter wolinii
(Boone and Bryant, 1980), the benzoate-oxidizing Syntrophus buswellii (Mount-
fort et al., 1984) and the thermophilic acetate-oxidizing AOR (acetate-oxidizing
rod) (Zinder and Koch, 1984), among others. Syntrophomonas cultures, which
grow on long chain fatty acids (e.g., stearate), have also been isolated (Roy et
al., 1986). Syntrophomonas and Syntrophus have been cultured axenically on
crotonate (Beaty and Mclnerney, 1987; Hopkins and McInerney, 1991), the AOR
on ethylene glycol or pyruvate (Lee and Zinder, 1988), while Syntrophobacter has
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Figure 3.3. Effect of H, partial pressure on reactions involved in interspecies H, transfer
during oxidation of ethanol, propionate, or butyrate coupled to methanogenesis or sulfate
reduction. The equations for the oxidations are in Table 3.7. The concentrations of ethanol,
propionate, butyrate, and acetate are all 10 mM, and the concentrations of the rest of the
products and reactants are as in Fig 3.1.

eluded axenic culture. Cultures of these organisms coupled to hydrogenotrophic
sulfate reducing bacteria tend to grow faster than methanogenic cocultures, but
such cultures are probably artificial, since sulfate reducing bacteria exist that use
these substrates directly (Widdel, 1988).

As shown in Figure 3.3, the windows for butyrate and propionate oxidations
coupled to methanogenesis are much narrower than for ethanol oxidation. This
is especially true for propionate oxidation, and it is not surprising that propionate
oxidation is considered to be very easily perturbed in anaerobic bioreactors
(McCarty, 1964). It has been suggested that physical juxtaposition between
hydrogen consumers and producers facilitates hydrogen transfer (Conrad et al.,
1985; Thiele et al., 1988). A related observation is that of Dubourgier et al. (1988)
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that microbial flocs from an anaerobic bioreactor containing Syntrophobacter,
identified by immunoelectron microscopy, had methanogens interspersed be-
tween Syntrophobacter cells, reflecting the stringent requirement of propionate
oxidation for low H, partial pressures, while flocs containing Syntrophomonas
often had Syntrophomonas cells clumped together with methanogens grouped
outside them, reflecting a more relaxed requirement for H, consumption in
butyrate degrading cultures.

Thiele and Zeikus (Thiele and Zeikus, 1988) have proposed that formate rather
than H, is the electron carrier in many cases of interspecies electron transfer on
the basis of isotope studies of an ethanol degrading syntrophic coculture. Formate
and H, can be interconverted by formate-hydrogen lyase enzyme systems follow-
ing the equation:

HCOO™ + H,0— HCO;™ + H,, AG” = 1.3 kJ/rxn

Formate-hydrogen lyase systems are common in anaerobes, and it would be
expected that formate and H, would be in equilibrium with each other in most
anaerobic habitats. Boone et al. (1989) examined a methanogenic butyrate-
oxidizing coculture and found that the dissolved H, concentrations were near 63
nM during active metabolism, dropping to a minimum threshold of 35 nM near
the end of growth. A formate concentration of 16.4 uM was thermodynamically
equivalent to 63 nM H,. Using a diffusion model with these concentrations, it
was calculated that even though the diffusion coefficient of formate is fivefold
lower than for H,, formate could be expected to transfer electrons 98-fold more
rapidly than H,. It was calculated that H, diffusion could not account for rates of
CO, reduction to CH, found in anaerobic bioreactors, but that calculation was
based on a methanogenic population size of 10"/ml, when actual counts are
typically more than 30-fold higher (Mackie and Bryant, 1981; Zinder et al.,
1984). In a more recent study, H, diffusion within microbial flocs degrading
lactate was great enough to account for the methanogenesis detected (Goodwin
et al., 1991).

Thiele and Zeikus (1988) proposed that an advantage of formate is that its
excretion and uptake could be electrogenic, thereby leading to a contribution to
the proton motive force in both syntrophic partners. For example, Oxalobacter
formigenes can conserve energy from formate excretion (Allison et al., 1985),
and Methanobacterium formicicum showed a 1.4 fold higher Y, on formate
than on H,—CO, (Schauer and Ferry, 1980), in agreement with this proposal.

The relative roles of formate versus H, in interspecies electron transfer need
to be assessed under a variety of conditions, since factors such as the bicarbonate
concentration and pH can affect the H,/formate equilibrium. It is difficult to
determine the turnover of either H, or formate because both are susceptible to
isotopic exchange, and because their turnovers are so rapid, about 72 turnovers
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per second calculated for H, in one instance (Boone et al., 1989). One approach
is to examine syntrophic cocultures in which the “electron consumer” cannot use
formate or H,. Syntrophomonas wolfei did not grow as rapidly when coupled to
Methanobacterium bryantii, which does not use formate, as to Methanospirillum
hungatei, which does (Mclnerney et al., 1981). However, there may be other
physiological differences between the two genera that accounted for the differ-
ence. A thermophilic acetate oxidizer (Lee and Zinder, 1988) and a thermophilic
propionate oxidizer (Stams et al., 1992) could both couple as well to Methanobact-
erium thermoautotrophicum AH as to a thermophilic Methanobacterium sp.
which could use formate. H, partial pressures in syntrophic cultures at high
temperatures are higher (see below), and there is greater diffusion at high tempera-
ture, so that formate may not be as important in interspecies electron transfer
under thermophilic conditions. Conversely, an amino acid oxidizing anaerobe,
Eubacterium acidaminophilum, was able to grow syntrophically coupled to De-
sulfovibrio baarsii, which can use formate but not H, (Zindel et al., 1988).
Ideally, one would want to compare the coupling capabilities of isogenic methano-
gen mutants, which have lost the ability to use formate or H, to test the relative
contributions of each electron carrier.

Finally, it should be mentioned that temperature can have a significant effect
on partial pressures of H, in syntrophic cocultures. This is due to the temperature
term in the free energy form of the Nernst Equation, as well as in the equation:

AG = AH — TAS

in which AH is the change in enthalpy and AS is the change in entropy. In the
cases of equations that lead to H, formation and consumption, the upper and
lower boundaries for H, partial pressure can vary 250 fold over the range 0—80°C
(Lee and Zinder, 1988; Zinder, 1990), with higher H, partial pressures at higher
temperatures. It has been experimentally demonstrated that the minimum H,
threshold for methanogenesis and acetogenesis by several pure cultures increased
with temperature in a manner consistent with this relationship (Conrad and Wetter,
1990), and that H, partial pressures in thermophilic syntrophic cocultures were
considerably higher than predicted for mesophilic cocultures (Lee and Zinder,
1988; Stams et al., 1992). The higher H, partial pressures in thermophilic systems,
along with the greater diffusion at high temperature, allow syntrophic reactions in
thermophilic cultures to proceed with less diffusion limitation than in mesophilic
systems.

3.4.6 Facultative Interspecies H,/Formate Transfer

While the above examples involve an obligate requirement for a H, consuming
partner, at least for the reactions described, some organisms couple to methano-
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gens when it is advantageous, but the interaction is not required. For example,
many carbohydrate-utilizing fermentative anaerobes produce H, as a product. H,
production from pyruvate oxidation to acetyl-CoA is quite favorable and cultures
carrying out this reaction can produce H, in excess of one atmosphere. In contrast,
H, production from NADH (E*’ = —320 mV) is not favorable unless the H,
partial pressure is less than 107* atm (100 Pa) (Wolin and Miller, 1982). Thus,
a fermentative organism growing in axenic culture must recycle NADH to form
reduced products such as ethanol, lactate, or fatty acids. However, in natural
habitats, fermentative anaerobes are usually growing in the presence of hydro-
genotrophs such as methanogens which can maintain the H, partial pressure at a
level low enough to allow H, production from NADH. Thus freed from the
restraint of recycling NADH, hydrogenase-containing fermentative anaerobes
can produce more acetate and other fatty acids. This allows greater energy
conservation by the fermentative organism, since the acyl-CoA intermediates in
these pathways can be conserved as ATP.

An example of this coupling between a fermentative organism and a methano-
gen is shown in Figure 3.4, which is based on the results of Weimer and Zeikus
(Weimer and Zeikus, 1977). Clostridium thermocellum in pure culture ferments
glucose units derived from cellulose mainly to ethanol and acetate (some lactate
is also formed) with three ATP’s conserved via substrate-level phosphorylation.
However, when Methanobacterium thermoautotrophicum is present, interspecies
H, transfer allows C. thermocellum to produce more acetate, thereby conserving
an extra mole of ATP. When C. thermocellum was grown on cellobiose instead
of cellulose, it grew much faster, and M. thermoautotrophicum could not keep
pace; however, the conditions in a batch culture with a high concentration of a
sugar are not relevant to natural situations. Similar couplings with methanogens
and a variety of fermentative anaerobes have been observed (Wolin and Miller,
1982). An interesting coupling occurred between an acetogen growing on a
carbohydrate and a hydrogenotrophic methanogen. In the presence of the metha-
nogen, the homoacetogen produced two moles of acetate rather than three,
indicating that the methanogen can outcompete an acetogen for its own electrons
(Cord-Ruwisch et al., 1988; Winter and Wolfe, 1980).

These results are congruent with those in methanogenic habitats, which indicate
that carbon flow from carbohydrates is mainly to acetate and other fatty acids
(Hungate, 1975; King and Klug, 1982; Lovley and Klug, 1982; Zinder and Elias,
1985). An exception may be lactose, which is often metabolized by lactic acid
bacteria, which lack hydrogenase and are not able to couple to methanogens
(Chartrain and Zeikus, 1986).

Many amino acids can be fermented singly or in pairs by the Stickland reaction.
It has also been found that alanine can be oxidized to acetate (Zindel et al., 1988)
and isoleucine to 2-methyl butyrate (Wildenaurer and Winter, 1986) by syntrophic
methanogenic cocultures essentially carrying out the oxidation half of the
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Figure 3.4. Fermentation products of Clostridium thermocellum growing axenically on
cellulose (a) or together with Methanobacterium thermoautotrophicum (b). Some lactate
is also produced by the axenic C. thermocellum culture.

Stickland reaction. Thus, interspecies electron transfer can lead to fatty acid
formation from many amino acids.

As described previously, sulfate reducers are generally considered to be in
competition with methanogens. However, it has been shown that some Desulfovi-
brio strains can grow on lactate or ethanol in the absence of sulfate when
syntrophically coupled to a methanogen (Bryant et al., 1977). When sulfate was
added to these cultures during syntrophic growth, further methanogenesis was
greatly diminished. Under conditions of sulfate depletion, a competitor therefore
becomes a syntrophic partner, in analogy to transient political alliances.

3.4.7 Symbiosis with Protozoa

While most known protozoa are aerobic and contain mitochondria, there are
several species of flagellate and ciliate and ameboid protozoa which lack mito-
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chondria, and cannot carry out true respiration, although some can reduce oxygen
using peroxysomes. These protozoa often contain membrane bound organelles,
called hydrogenosomes, for conversion of pyruvate to acetate and H, (Miiller,
1988). Such protozoa are commonly found in anaerobic sediments and animal
gastrointestinal tracts.

It was first noted in 1980, on the basis of autofluorescence of F,,,-containing
methanogenic cells (see Section 3.5.2), that methanogenic bacteria were associ-
ated with the surfaces of rumen ciliate protozoa (Vogels et al., 1980). Since then,
there have been numerous observations of methanogens either on the surface or
inside protozoa from anaerobic sediments (van Bruggen et al., 1983), landfill
sediments (Finlay and Fenchel, 1991), termite guts (Lee et al., 1987), and
cockroach guts (Guzen et al., 1991). Not surprisingly, the methanogenic bacteria
are often associated with hydrogenosomes (Guzen et al., 1991). In a few of these
cases, hydrogenotrophic methanogens, such as Methanobacterium formicicum
and Methanoplanus endosymbiosus (van Bruggen et al., 1986) have been isolated
from protozoal cells.

The advantage of this symbiosis to the endosymbiotic methanogens is clear,
and it is reasonable to assume that removal of H, would allow more acetate
production by the host protozoan. This hypothesis was tested recently for the
anaerobic ciliate Trymyema compressum by Holler and Pfennig (Holler and
Pfennig, 1991). When grown rapidly, this organism “outgrew” its methanogenic
symbiont; however, it could be reinfected by Methanobacterium formicicum,
which was not lysed upon ingestion into food vacuoles, presumably because of
the resistance of pseudomurein to lysozyme (Wagener et al., 1990). When the
reinfected protozoa were grown on Bacteroides as a food source, there was
essentially no effect on acetate production from the carbon source or on host cell
yield as compared to protozoa without methanogens. Little or no effect was seen
on host cell yield in a similar study of three anaerobic ciliates cured of methano-
gens using bromoethane sulfonate (Fenchel and Finlay, 1991), although fermenta-
tion products were not measured in that study. Thus, the symbiosis between the
methanogens and anaerobic protozoa may be commensal, with the protozoa not
producing more H, in the presence of the methanogen than it does in its absence.
There may be no biochemical mechanism to convert NADH to H, (i.e., NADH/
ferredoxin oxidoreductase) in the protozoa.

It was recently demonstrated that a Methanobacterium formicicum culture
isolated from a protozoan could fix nitrogen (Magingo and Stumm, 1991), intro-
ducing the possibility that the methanogen could provide the protozoan with fixed
nitrogen.

3.4.7 Interspecies Acetate Transfer

It has long been known that acetotrophic methanogens play an important role
in pH homeostasis in anaerobic environments by preventing acetic acid buildup.
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There is increasing appreciation that acetate removal is important to syntrophic
reactions. Since acetate is a product of most syntrophic reactions, its concentration
can affect the thermodynamics of the reaction, and its removal should make
thermodynamically marginal reactions more favorable. For example, two moles
of both acetate and H, are produced per mole of butyrate degraded by syntrophic
cultures (Table 3.7), and therefore, a 10-fold change in acetate concentration
would have the same effect as H, on reaction thermodynamics. Addition of
Methanosarcina barkeri to a Syntrophomonas wolfei-Methanospirillum hungatei
coculture increased the extent of butyrate degradation and the number of S. wolfei
cells per mole of butyrate degraded (Beaty and Mclnerney, 1989). Addition of
an acetotrophic methanogen resembling the TAM organism stimulated propionate
degradation by a purified thermophilic propionate degrading syntrophic culture
(Stams et al., 1992). Since acetate is usually present in concentrations several
orders of magnitude higher than dissolved H, in anaerobic environments, acetate
turnover is probably not as readily perturbed as H, turnover, which is extremely
dynamic.

A potential example of obligate interspecies acetate transfer is the acetone-
degrading methanogenic enrichment described by Platen and Schink (Platen and
Schink, 1987). This culture, which received acetone as the sole carbon and energy
source, was dominated by a short rod, presumably the acetone degrader, and a
long filamentous rod resembling Methanothrix. Isotopic labeling experiments
indicated that acetone was carboxylated to acetoacetate (presumably the CoA
derivative), which was split into two moles of acetate, and then was converted
to CH,. Addition of acetate to this culture inhibited acetone utilization until the
acetate was consumed, and inhibitors of methanogenesis (bromoethane sulfonate
or acetylene) greatly inhibited acetone degradation and led to accumulation of
low levels of acetate. This evidence suggests that even though the AG®' for
conversion of acetone to acetate was —34.2 kJ/rxn, the acetone degrader was
dependent on acetate degradation, perhaps because it required enough energy to
conserve an ATP by substrate level phosphorylation.

3.5 Methods to Study Methanogens in Natural Habitats
3.5.1 Cultural Methods

Cultural methods are still valuable tools in understanding methanogen ecology,
and provide information that complements other more recently developed meth-
ods. Simple enrichment cultures from natural samples have yielded interesting
and important new cultures of methanogens. However, enrichments from low
dilutions of sample do not necessarily contain the numerically dominant species
present in the habitat, since the organism selected by such procedures can be a
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fast growing “weed.” Thus, it is important to perform appropriate dilutions of
samples in order to show that the methanogen in question is present in significant
numbers. For example, an undiluted sample inoculated into acetate medium might
yield Methanosarcina while a 107° dilution might yield the slower growing
Methanothrix.

Viable counting of methanogens in natural habitats has been used with some
success, but this technique suffers from many inherent drawbacks that typically
cause it to underestimate microbial numbers. For example, the growth medium
must be able to support the microorganisms in which you are interested. An
important concept in this regard originally articulated by Hungate (Hungate,
1967) is habitat simulation. The conditions in the growth medium (pH, E,, ionic
strength, etc.) should match those in the environment as closely as possible.
Also, addition of rumen fluid or anaerobic digestor sludge supernatant may
provide growth factors present in the microbial habitat but lacking in conventional
media. Another drawback is that a viable count unit may represent more than one
organism due to attachment of cells to particles, or aggregate or microcolony
formation. For example, a nearly spherical clump of Methanosarcina 10 um in
diameter has approximately one thousand times the biomass of a single cell 1 um
in diameter, yet represents a single viable unit, as would be a Methanothrix
filament one hundred cells long. Mechanical disruption or treatment with chemical
dispersants (e.g., detergents or pyrophosphate) may help disperse microorgan-
isms, but can often lead to loss of viability, and such processes should be carefully
monitored and optimized. Problems with viable counting procedures should be
suspected when numbers of methanogens are not high enough to account for the
methanogenic activity detected.

There are also difficulties in identifying some methanogens in viable counts
down to the species level. For example, it is difficult to differentiate between the
mesophilic autotrophic methanococci Methanococcus vannielii, M. deltae, and
M. maripaludis, although one dimensional SDS gel electrophoresis of cell pro-
teins has promise in this regard (Franklin et al., 1988), as do the immunological
and molecular biological techniques described below.

The viable counting method most likely to give the highest numbers of metha-
nogens, since it involves the least perturbation of the organisms, is the most
probable number (MPN) technique. This technique has been used to enumerate
methanogens in anaerobic sediments (Franklin et al., 1988) and bioreactors
(Chartrain and Zeikus, 1986; Grotenhuis et al., 1991; Mackie and Bryant, 1981;
Zinder et al., 1984). The MPN method is of low precision, giving essentially an
order of magnitude estimate (de Man, 1975). This method also provides you with
an enrichment culture of an organism present in high numbers in your original
sample, which you can use for subsequent isolation.

Hungate developed the anaerobic roll tube technique (Hungate, 1967) for the
enumeration and isolation of anaerobic microorganisms, although the culture
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tubes he originally described have been replaced by tubes with crimp-top stoppers.
Other improvements have been made in the methodology, including the use of
anaerobic glove-boxes (Balch et al., 1979). In this technique, which is essentially
a variation of the pour plate technique, a suitable dilution of the sample is placed
in a tube of molten agar medium, and the tube is rapidly rotated in ice water so
that the agar forms a thin film coating the inside of the tube. After incubation,
colonies form in this agar layer, which can be counted using a dissecting micro-
scope, and can be picked with a sterile Pasteur pipette. Methanogen colonies can
be identified by microscopic examination of the colonies using a phase-contrast
or epifluorescence microscope, and the colonies themselves may show F,,, au-
tofluorescence (see below). Antibiotics which inhibit growth of eubacteria, such
as penicillin and other B-lactam antibiotics (Zinder and Mah, 1979), D-cycloserine
(Zinder and Mah, 1979), or vancomycin (Huser et al., 1982) can be useful in
preventing growth of eubacterial contaminants after it has been ascertained that
they are not inhibitory to the methanogens in question. For example, penicillin
derivatives are inhibitory to Methanothrix soehngenii (Huser et al., 1982). Organ-
isms enumerated using this technique must be able to withstand exposure to
molten agar and the rapid temperature drop involved in agar solidification. Also,
not all organisms may form colonies in agar. For example, it has been noted that
Methanothrix forms colonies in agar only when highly contaminated, if at all
(Huser et al., 1982; Zinder et al., 1987).

Methods for culturing methanogens in petri dishes have been developed. Typi-
cally, petri dishes are inoculated inside an anaerobic glove-box, but are incubated
in airtight anaerobic chambers (Balch et al., 1979). Methanogen cells on the agar
surface in spread plates are extremely sensitive to exposure to even trace levels
of oxygen present in the glove box (Jones et al., 1983) so that great care must be
taken. Soft agar overlays probably protect the organisms better than spread plates.

3.5.2 Microscopical Methods

Some methanogens, most notably Methanosarcina, Methanothrix, and Metha-
nospirillum, have distinct enough morphologies that they may be identified tenta-
tively in natural samples using a phase contrast microscope, although such identi-
fication should always be corroborated using other methods. Epifluorescence
microscopy is a useful method in studying methanogen ecology. Many methano-
gens contain high concentrations of the electron carrier F,,, (Gorris and van der
Drift, 1986) so that their cells autofluoresce blue-green when illuminated with
light near 420 nm (blue violet) (Doddema and Vogels, 1978). This cofactor has
been detected in eubacteria, but not in high enough concentrations to autofluore-
sce. However, F,,, levels vary widely in methanogens and growth conditions
may affect those levels (Gorris and van der Drift, 1986). Methanothrix usually
does not have high enough concentrations to autofluoresce (Huser et al., 1982;
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Zinder et al., 1987), so that nonfluorescent cells in samples may also be methano-
gens. This technique has aided in qualitative identification of methanogens in
natural samples (Lee et al., 1987; Vogels et al., 1980; Zinder et al., 1984).
Interference by fluorescent material in natural samples can cause problems in
detecting autofluorescent cells. Extracting natural samples and measuring F,,,
concentrations has been suggested as a method for estimating methanogenic
biomass, but the great variation in F,,, content in different methanogens (Gorris
and van der Drift, 1986) makes this method untenable.

Scanning and transmission electron microscopy can also be used to tentatively
identify methanogens with distinctive ultrastructural elements. The sheath and
crosswall structures in Methanothrix and Methanospirillum make them relatively
easy to identify by transmission electron microscopy in microbial assemblages,
and cause Methanothrix filaments to resemble bamboo when viewed with the
scanning electron microscope (Dolfing et al., 1985; Zinder et al., 1984). The
thick outer polysaccharide and colonial organization of Methanosarcina makes
it relatively easy to identify with electron microscopy (Robinson and Erdos,
1985). Pseudomurein-containing methanogens show a typical Gram positive outer
layer and are not readily identifiable under the electron microscope. Immunologi-
cal methods are an important adjunct to microscopical methods (see below).

3.5.3 Immunological Methods

The first use of immunofluorescence microscopy to identify a methanogen in
a natural sample was by Strayer and Tiedje (1978) who used fluorescent antibody
to detect Methanobacterium formicicum in Wintergreen Lake sediments. The
more recent use of antibodies to study methanogen diversity and ecology has
been spearheaded by E. Conway de Macario and colleagues, who developed a
panel of antibodies against a wide variety of methanogens and determined their
crossreactivities (Conway de Macario et al., 1982; Macario and Conway de
Macario, 1983). In general, antibody specificity correlates with phylogenetic
relationship. More recently, they have used these antibodies to directly identify
and enumerate methanogenic populations in anaerobic bioreactors using fluores-
cent immunomicroscopy (Macario and Conway de Macario, 1988; Macario et
al., 1989; Visser et al., 1991). Using this method, they showed that a considerable
diversity of methanogens was present in mesophilic bioreactors, and less diversity
was evident in thermophilic bioreactors (Visser et al., 1991), as might be ex-
pected. Immunogold labeling of electron microscope specimens has also been
used to identify methanogens and other anaerobes in mixed microbial populations
(Dubourgier et al., 1988; Robinson and Erdos, 1985).

The limitations on the use of antibodies to study methanogen ecology center
around their specificity, which can be too low and crossreact with organisms
other than the one desired, or too high and essentially give information about the
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ecology of serotypes of the same species. An example of low specificity is
an instance where antibodies against Methanosarcina thermophila TM-1 cross-
reacted with Methanothrix-like cells in one bioreactor sample (Macario et al.,
1989). For this reason, bulk immunological methods, such as enzyme-linked
immunoassay (ELISA) should not be used to study natural habitats, since micros-
copy will at least provide information about the morphology of the reacting
organisms. Another potential pitfall is that it is possible that methanogens may
present different antigens on their surface when they are in a bioreactor than when
in pure culture. Finally, this method will not identify organisms which are not
reactive to the panel of antibody probes, so that novel undescribed methanogens
might be missed. Despite these limitations, immunological analysis is a valuable
tool to study methanogen ecology. It would be useful to have systematic studies
in which the results of immunological and cultural techniques are compared.

3.5.4 Molecular Biological Methods

The techniques of molecular biology are beginning to be applied to the study
of microbial ecology, and their sensitivity and specificity makes them a potentially
useful addition to the arsenal of techniques used to study the numbers and diversity
of microbial species in a habitat. Most of the techniques that can be applied to
methanogens involve 16S rRNA, or its corresponding rDNA, for which there is
now a rich phylogenetic sequence database (Woese, 1987). Many methods in-
volve extraction of nucleic acids from a sample and then analyzing them by
hybridization to organism-specific probes in “dot blots” (Stahl et al., 1988), or by
sequencing of the IRNA either using reverse transcriptase and chain terminators,
cloning a cDNA copy made by reverse transcriptase, or using polymerase chain
reaction to amplify copies of IDNA (Steffan and Atlas, 1991). For example, Ward
et al. (Ward et al., 1990) extracted rRNA from the Octopus Spring (Yellowstone
National Park) cyanobacterial mat, and determined the sequence of fourteen
individual clones. These clones fell into eight similarity groups and not one clone
showed significant identity with sequences of several thermophilic bacteria that
have been isolated from that or similar cyanobacterial mats. Methanobacterium
thermoautotrophicum is numerous in lower anaerobic layers of the Octopus spring
mat (Sandbeck and Ward, 1982; Zeikus et al., 1980), but all of the clones
were eubacterial. These results show that many of the organisms present in that
community have yet to be cultured. A major concern with these methods is the
efficiency of extraction of nucleic acids from different species, since the resulting
nucleic acid pool may not be representative of the community. This is especially
true for methanogens, which have unusual outer layers which make extraction of
nucleic acids difficult, especially pseudomurein in Methanobacteriales and the
polysaccharide sacculus of Methanosarcina (Balch et al., 1979).

A more autecological method with great promise for in situ identification of
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microorganisms was devised by N. Pace and colleagues (Giovannoni et al.,
1988). Fluorescently labeled oligonucleotide probes complementary to rRNA are
used to label individual cells which can then be examined and counted using a
fluorescence microscope, or by fluorescence flow cytometry (Amman et al.,
1990). The power of these methods is that since 16S rRNA has both highly
variable and highly conserved regions (Woese, 1987), probes can be designed to
detect individual species or entire phylogenetic domains (Giovannoni et al., 1988)
depending on the question being asked. Both fluorescent probe and analysis of
nucleic acid extracts dot blots were used in a preliminary study of the interactions
between sulfate reducing bacteria and methanogens in anaerobic biofilms (Kane
et al., 1991). There are many technical problems associated with these methods,
including selective permeabilization of cells to allow the probe in while retaining
rRNA in all cell types, background fluorescence in samples, possible low rRNA
content of some cells, etc. However, these single cell labeling techniques have
considerable potential in improving our understanding of methanogen ecology.

The use of molecular biological techniques in microbial ecology has just begun,
and there has been little application to methanogens, but it is clear that these
techniques will play a majorrole in future ecological studies. It is likely that probes
for specific methanogen genes such as methylreductase or carbon monoxide
dehydrogenase may be used in ecological studies. These techniques will be most
valuable when coupled with conventional cultural, microscopical, and activity
measurement techniques so that a more complete understanding of methanogen
abundance and function in the environment can be obtained.

3.5.5 Activity Measurements

CH, is the primary catabolic product of methanogens, and is readily quantified
by headspace analysis using gas chromatography. Rates of methanogenesis by
samples, usually incubated in serum vials, can be readily measured, and effects
of various treatments on those rates can be assessed. The potential of the methano-
genic community in question to degrade added methanogenic substrates or their
precursors can be determined (Shelton and Tiedje, 1984). Incubation in serum
vials involves perturbation of some habitats, such as stratified aquatic sediments,
and this should be taken into account before drawing conclusions.

Information on the contribution of potential precursors of CH, in a given habitat
is best obtained by measuring the turnover of radiolabeled precursors to CH,.
Typically, '“C-labeled precursors are used, such as "“CO, or ““CH,COO", al-
though *H-labeled methyl compounds such as C*H,0H or C*H,COO", can also
be used. If an intermediate is at a constant steady state concentration, its turnover
can be measured by the exponential disappearance of label (Hungate, 1975; Smith
and Mah, 1966). If the concentration is not constant, initial rates can be measured
for a short period of time (Zinder et al., 1984). When performing quantitative
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studies on turnover rates, care should be taken that addition of the label does not
significantly increase the concentration of the compound in the sample, since a
higher concentration can change the kinetics of turnover. Radiolabeled CH, can
be detected rapidly and with high specificity but low sensitivity with a gas
chromatograph-gas proportional counter (Nelson and Zeikus, 1974), or with
greater sensitivity but less specificity using a scintillation vial technique (Zehnder
et al., 1979). Aqueous radiolabeled compounds can be fractionated using a
high pressure liquid chromatograph. The BioRad HPX87H organic acid analysis
column (Bio Rad Laboratories, Richmond, CA) is especially well suited to
fractionate organic acids, alcohols, and sugars, and has been used to examine
carbon flow from "“C-carbohydrate to CH, in methanogenic habitats (Chartrain
and Zeikus, 1986; King and Klug, 1982; Zinder, 1986).

Metabolic inhibitors have proven useful in study of methanogens in natural
habitats. Chloroform and carbon tetrachloride were used as inhibitors of methano-
gens in early studies (Oremland, 1988), but they have been supplanted by bromoe-
thane sulfonate (BrES), an inhibitory analogue of coenzyme M (Gunsalus et al.,
1978), which has the advantages of being water soluble and more specific than
chlorinated methanes. While methyl reductase is inhibited by micromolar concen-
trations of BrES, whole cells are usually less sensitive, with millimolar quantities
often required, presumably due to lack of BrES uptake. Different methanogenic
populations in the same habitat may have different sensitivities to BrES (Zinder
et al., 1984). Acetylene also inhibits methanogens, but it is less specific and can
be biodegraded in natural habitats (Oremland, 1988). Molybdate inhibits sulfate
reduction (Taylor and Oremland, 1979) and is useful in studies of competition
between methanogens and sulfate reducing bacteria in natural habitats.

3.5.6 Stable Isotope Fractionation

The stable isotope "’C represents about 1.1% of the total carbon on earth, with
the remainder being '°C. Many biological reactions discriminate between these
two isotopes, usually favoring the lighter '’C, thereby producing isotopically light
products. The ratio of these isotopes in CH, can be measured using a high-
resolution mass spectrometer. CO,-reducing methanogens have fractionation val-
ues (8"°C) between —25%o and —50%o (per mil) (Oremland et al., 1982), while
the discrimination for methanol has been measured as —70%o0 (Krzycki et al.,
1987; Oremland, 1988) and that for acetate as —21%o (Krzycki et al., 1987).
Geochemists have used §"°C values to infer the source of terrestrial and atmo-
spheric CH,. CH, from clearly biological sources (sediments, ruminants, etc.)
typically has §°C values of —60%o to —90%c when compared to a carbonate
standard. Natural gas, which is considered to be produced by thermal breakdown
of organic matter, typically has 8"°C values of —30%o to —50%o¢ (Oremland,
1988; Tyler, 1991). The isotopically light values for biogenic CH, are due to
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isotope discrimination by methanogens as well as by the phototrophs which
originally fixed the carbon, and perhaps also by other organisms involved in the
breakdown of the organic matter. Indeed, CH, from ruminants eating plants using
the C—4 shunt to fix CO, is not as isotopically light as CH, from ruminants eating
plants using the usual C-3 pathway (Oremland, 1988; Tyler, 1991). Researchers
have also used H/D ratios in the CH, to determine the percentage of methane
derived from acetate, since transfer of an intact methyl group in methanogenesis
from acetate leads to a higher H/D ratio (Tyler, 1991). These isotope methods
give indirect evidence as to sources of CH, detected in the environment.

3.6 Methanogenic Habitats
3.6.1 The Anaerobic Digestor

The anaerobic digestor is a human-made habitat designed for the conversion
of organic wastes to methane. It is instructive to discuss this habitat first since it
is the best studied and most easily manipulated of methanogenic habitats and is
representative of methanogenic habitats in which degraded organic matter is
completely converted to CH,. More recent developments in the design and use
of anaerobic bioreactors will be discussed in Section 3.8.1.

Anaerobic digestors are found in nearly all sewage treatment plants and are
used to treat the particulate fraction (sludge) generated by primary settling of raw
sewage and secondary settling of activated sludge. This waste is usually high
strength (~5% w/v organic matter) and is mainly polymeric, consisting of undi-
gested plant polymers in feces, toilet paper, and microbial cells. The readily
biodegradable components of the waste are converted to CH, and CO, (biogas)
leaving a stabilized organic waste. The biogas can be burned by cogenerators to
provide heat for the process and usually also generate electricity which can be
used for other functions in the sewage treatment plant. The classical anaerobic
digestor is essentially a large fermentation vat which is heated to near 35°C, and
is fed substrate continuously or semicontinuously so that it can be considered
analogous to a chemostat. It has long been known that the retention time (=
volume/flow rate) for such anaerobic digestors must be greater than 10 days or
there can be substantial buildup of fatty acids (Gujer and Zehnder, 1983; McCarty,
1964).

Figure 3.5a shows carbon flow to CH, in an anaerobic bioreactor. Polymers
are broken to soluble monomers and oligomers by hydrolytic enzymes (cellulases,
proteases, etc.) which, owing to interspecies H,/formate transfer (Sections 3.4.5
and 3.4.6), are then fermented mainly to fatty acids and H,. Fatty acids longer
than acetate, including long-chain fatty acids derived from lipids, are oxidized
to acetate, H,, and CO, (in the case of propionate). These reactions result in the
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Figure 3.5. Carbon flow to CH, in anaerobic habitats: (a) anaerobic digestor or freshwater
sediments; (b) marine sediments containing sulfate; (c) animal rumen; (d) gut of lower
termites; Microbial groups involved: (1) fermentative anaerobes; (2) H, producing aceto-
gens; (3) H, consuming methanogens; (4) H, consuming acetogens; (5) acetotrophic
methanogens; (6) sulfate reducing bacteria; (7) methylotrophic methanogens. Intermediates
are shown in dashed boxes, and major endproducts are in heavy boxes. Major carbon
flows shown with heavy arrows, minor carbon flows shown with light arrows.
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conversion of the original substrates to the primary substrates for methanogenesis:
H,—CO,/formate and acetate.

Studies of turnover of labeled acetate have shown that acetate is the precursor
of about two thirds of the methane produced in anaerobic digestors (Boone, 1982;
Mountfort and Asher, 1978; Smith and Mah, 1966; Zinder et al., 1984), with
CO, reduction using H, or formate accounting for nearly all of the remainder.
Depending on the nature of the substrate, other CH, precursors include methyl-
amines (derived mainly from choline and betaine), methyl sulfides (derived from
methionine and sulfonium compounds), or methanol (derived from methoxy
groups). The two to one stoichiometry of acetate versus CO, as a CH, precursor
is in accordance with predicted stoichiometries from known biodegradative path-
ways in which acetate is a central intermediate. For example, for the methanogenic
degradation of glucose, it would be ultimately be converted to acetate, H,, and
CO, due to interspecies electron transfer and the following equations would
describe its conversion to CH,:

1 CH,0, + 44,0 - 2CH,COO0™ + 2HCO,” + 4H, + 4H*
2 4H, + HCO,” + H' - CH, + 3H,0

3 2CH,COO™ + 2H,0 — 2CH, + 2HCO,"

Sum CgH,0, + 3H,0 — 3CH, + 3HCO,” + 3H"

From these equations two out of the three moles of CH, from glucose are
predicted to be derived from acetate. Owing to similar considerations, the pre-
dicted proportion of CH, derived from acetate for valine, palmitate, or benzoate
would be 67%, 70%, and 80%, respectively. Thus, acetate is the major methane
precursor in anaerobic digestors and other habitats that completely convert biode-
graded substrate to CH,.

One factor limiting the conversion of organic matter to CH, is the slow growth
of the two groups responsible for consuming acids: the syntrophic fatty acid
degraders, and the acetotrophic methanogens. As shown in Table 3.6, methano-
genic syntrophic associations using propionate or butyrate have doubling times
of several days, and Methanothrix, which is often the dominant acetotrophic
methanogen in anaerobic bioreactors, has a doubling time in excess of 3.5
days, while Methanosarcina has a doubling time of 1-2 days. An important
consequence of the slow growth of these organisms is that the retention time of
the digestor must be long enough so that they are far from washout, in accord
with engineering studies that the retention time must be greater than ten days for
efficient and stable operation.

In general, there must be balanced interactions among the microbial groups in
the anaerobic digestor for efficient operation. Failure of acid consumers to keep
pace with acid production leads to pH drop and toxicity of un-ionized fatty acids.
Since H, (or formate) turnover is so dynamic (Boone et al., 1989), even slight
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perturbations in the rate of hydrogenotrophic methanogens leads to partial pres-
sures too high to allow syntrophic fatty acid oxidation, causing fatty acid buildup.

A wide variety of hydrogenotrophic methanogens can be cultured from anaero-
bic digestors or detected using antibodies, including the genera Methanobrevi-
bacter, Methanobacterium, Methanospirillum, and Methanogenium (Conway de
Macario et al., 1982; Macario and Conway de Macario, 1988; Macario et al.,
1989; Visser et al., 1991). Both Methanosarcina and Methanothrix can be de-
tected or cultivated from anaerobic digestors, with Methanothrix often being the
predominant morphotype detected when anaerobic digestor sludge is viewed
microscopically (Gujer and Zehnder, 1983).

3.6.2 Freshwater Sediments and Soils

Carbon flow in most anaerobic freshwater sediments essentially resembles that
in anaerobic bioreactors (Lovley and Klug, 1982) except that the organic loading
rate (from settling plant material, algal cells, detritis, etc.) is considerably lower,
and there is usually no organism washout. Thus it is not surprising that the H,
concentration is near its minimum threshold (Table 3.3) and acetate is present in
micromolar concentrations (Lovley and Klug, 1982; Winfrey and Zeikus, 1979)
rather than the millimolar concentrations typically found in anaerobic digestors.
The contribution of acetate to methanogenesis in Wintergreen Lake sediments
was near 60% (Lovley and Klug, 1982), similar to anaerobic bioreactors. The
ratio of organic matter to sulfate reaching the sediments determines the proportion
of methanogenesis versus sulfate reduction occurring in them, since sulfate re-
ducers can outcompete methanogens for substrate and are limited by the amount
of sulfate diffusing into the sediments (see above). Methanogenesis can be limited
by temperatures below 15°C in aquatic sediments (Conrad et al., 1989; Conrad
et al., 1987; Zeikus and Winfrey, 1976).

Soils have numerous microhabitats and even ostensibly aerobic soil can have
anaerobic microhabitats (Chin and Zinder, ). Rice paddies and other flooded soils
receiving large amounts of organic matter rapidly turn anaerobic upon flooding
and produce CH, (Conrad et al., 1987). Rice paddies are often limited for
nitrogen, and nitrogen fixation can occur in overlying waters by the Azolla-
Anabaena plant-cyanobacterium symbiosis as well as in the sediments. It is of
interest that two out of three methanogens isolated from rice paddy soils were
capable of nitrogen fixation (Rajagopal et al., 1988).

3.6.3 Marine Habitats
Electron flow in anaerobic marine habitats is usually dominated by sulfate

reducing bacteria (Figure 3.5b) owing to the approximately 27 mM sulfate in
seawater. Thus, in most marine aquatic sediments, little or no methane is produced
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in sediment layers in contact with seawater, and most of that which is produced
is from methyl compounds (King, 1984; Oremland et al., 1982). In certain
circumstances in which there are non-limiting amounts of readily degradable
organic matter, i.e., a large amount of decaying plant material, sulfate reduction
and methanogenesis can occur simultaneously. Methanogenesis can also occur
in deeper layers of marine sediments that receive a high enough input of organic
matter so that sulfate is depleted. Considerable amounts of CH, can accumulate
in such sulfate-depleted zones, and under high hydrostatic pressures can actually
form CH,-water clathrates (Tyler, 1991). CH, diffusing up into the sulfate reduc-
ing zone is usually consumed before it reaches aerobic zones. The nature of this
anaerobic CH, oxidation has eluded understanding (Kiene, 1991; Oremland,
1988). Since aerobic CH, oxidation requires O, as a reactant, anaerobic CH,
oxidation must use a very different mechanism.

There is evidence that carbon flow to CH, in some sulfate-depleted methano-
genic marine sediments does not resemble flow in anaerobic digestors or freshwa-
ter sediments. “CH,COO™ added to such sediments is often mainly oxidized to
14CO2 (Sansone and Martens, 1981; Warford et al., 1979) rather than converted
to “CH,, as would be expected for acetotrophic methanogens. This indicates that
methanogenesis from acetate is due to a syntrophic association between acetate
oxidizing hydrogen producers and hydrogenotrophic methanogens, similar to the
association described for a thermophilic acetate oxidizing syntrophic coculture
(Lee and Zinder, 1988; Zinder and Koch, 1984). Stable isotope patterns, in which
the 8" C values for CH, and CO, paralleled each other with depth in Santa Barbara
Basin sediments (Claypool and Kaplan, 1974) indicate that methanogenesis CO,
was the major CH, precursor in those sediments. The identity of the acetate
oxidizers in these sediments is not known. It should be pointed out that evidence
has been obtained that the presence of hydrogenotrophic sulfate reducers can pull
Methanosarcina toward acetate oxidation rather than splitting (Phelps et al.,
1985). "“CO, production from “CH,COO" is generally considered evidence for
sulfate reduction in freshwater aquatic sediments (Lovley and Phillips, 1987;
Winfrey and Zeikus, 1977), but it is possible that syntrophic acetate oxidation
occurs in freshwater sediments also.

Hydrogenotrophic methanogens isolated from marine environments are mainly
members of the genus Methanococcus, while Methanolobus and Methanococ-
coides are the marine methylotrophic genera (Jones et al., 1987). Methanosarcina
acetivorans was isolated from a marine habitat (Sowers et al., 1984), but, as
previously mentioned, most Methanosarcina strains can grow in marine salts
(Sowers and Gunsalus, 1988).

CH, is detected in oxygenated ocean waters in concentrations considerably
greater than would be expected if it were simply in equilibrium with the atmo-
sphere (Kiene, 1991). It has been postulated that this CH, is derived from anoxic
microhabitats associated with fecal pellets, decaying organic matter, etc. (Kiene,
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1991; Oremland, 1988). One problem is that one would expect sulfate reducers
to outcompete methanogens, but it is possible that organic matter is not limiting
in the anaerobic microhabitats, or that “noncompetitive” methylated substrates
are used (Kiene, 1991).

3.6.4 Animal Gastrointestinal Tracts

Many animal gastrointestinal tracts have one or more chambers in which food
is held for a long enough period of time and under suitable conditions to allow
microbial growth. Since the amount of organic matter is high and the amount of
oxygen diffusion is low, the microbial processes in these chambers are anaerobic.
These chambers can occur before the stomach (foregut, e.g., the rumen), or after
(hindgut, e.g., the human large intestine). In general, such fermentations can
augment the digestive capabilities of the animal, often allowing the breakdown
of cellulose, which is digested poorly, if at all, by animals in the absence of
symbiotic microorganisms.

The animal rumen is a foregut fermentation vessel and is one of the best studied
microbial habitats extant, largely due to the pioneering work of R. Hungate and
colleagues (Hungate, 1966; Hungate, 1975). Ruminants include cows, sheep,
goats, deer, elk, bison, and gazelles. The rumen microbial population ferments
otherwise undigestible cellulosic plant material to fatty acids, which can be
absorbed by the ruminant. The rumen contains approximately 10" bacteria and
10° ciliate protozoa per ml, as well as cellulolytic anaerobic fungi (Hobson,
1988), and these microbial cells pass through the remaining digestive system to
be used as a source of protein and other nutrients.

Carbon flow in the rumen is depicted in Figure 3.5c. The salient feature in the
rumen is that fatty acids are not further metabolized by microbial populations, in
contrast to an anaerobic digestor. Rather, they accumulate to high concentrations
(ca. 60 mM acetate, 20 mM propionate, and 10 mM butyrate), making them
available to the animal host (Miller, 1991). A major contributing factor to the
absence of acid consuming organisms is that sufficient water and saliva (which
also provides bicarbonate as a pH buffer) are swallowed such that the rumen
retention time is less than one day. Thus, the slow-growing fatty acid oxidizers
and acetotrophic methanogens are washed out of the system. In fact, it could be
argued that Methanosarcina, with its doubling time on acetate of one to two days,
is an enemy of ruminants, causing them to forego more efficient fiber digestion
in order to keep the hydraulic retention time short enough to prevent methanogen-
esis from acetate. Methanosarcina can be present in the rumen in low numbers
(Patterson and Hespell, 1979) presumably growing on methylamines or methanol,
which allow rapid enough growth to keep pace with dilution.

Hydrogenotrophic methanogens are present in the rumen and are responsible
for the major part of rumen methanogenesis. Their growth rates are sufficient to
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allow them to keep pace with dilution; however, basal H, partial pressures are
about tenfold higher than in an anaerobic digestor (Table 3.3), too high to allow
syntrophic fatty acid oxidation. The basal H, partial pressure allows NADH
oxidation. Consequently, Hungate (1975) has shown, using radioisotope turn-
over, that lactate and ethanol are unimportant intermediates in a well-functioning
rumen. He also concluded, on the basis of K,, measurements, that H, was a more
important intermediate than formate, although this issue might be readdressed in
light of more recent determinations of these values (Lovley et al., 1984). The
major hydrogenotrophic methanogenic genus in the rumen, and in gastrointestinal
environments in general, is Methanobrevibacter (Miller, 1991), some of which
are associated with protozoa (Vogels et al., 1980). Thus, the rumen can be
considered a truncated ecosystem when compared to an anaerobic digestor, owing
to the lack of fatty acid oxidizers and acetotrophic methanogens. Although
considerably less CH, is produced per unit carbon digested compared to the
anaerobic digestor, because of the large amounts of plant material ingested, the
rumen fermentation is vigorous, leading to eructation (belching) of 400 liters of
CH, per day form the bovine rumen (Tyler, 1991).

Other examples of animals with foregut fermentations are marsupials, colobid
and langur monkeys, hippopotamus, camels, and 1lamas (Hobson, 1988), and
the hoatzin or stinkbird (Grajal et al., 1989).

Prominent among the xylophagous (wood eating) insects are the termites.
Termites have a hindgut pouch which contains cellulose digesting microbiota,
protozoa and bacteria in termites classified as “lower,” and only bacteria in
“higher” termites (Breznak, 1982). These microbial communities were considered
to be miniature rumens until Breznak and Switzer (Breznak and Switzer, 1986)
showed that '“CO, added to gut contents of five termite genera was converted
mainly to *C-acetate rather than *CH,. This observation held true for both lower
and higher termites (Breznak and Kane, 1990). There is presently no explanation
as to why acetogens can outcompete methanogens in the termite gut. An acetogen
isolated from a termite gut had a K,, value for H, (6 uM) similar to those from
methanogens and a minimum threshold for H, (466 Pa) considerably higher than
those of methanogens (Table 3.5). It is possible that there is some condition in
the gut inhibiting growth of methanogens such as high O,, low pH, or an inhibitory
metabolite. O, is a likely candidate because methanogenesis can be abolished in
the termite gut by exposing whole termites to hyperbaric O,, or stimulated
by adding H, to termite atmospheres (Odelson and Breznak, 1983), indicating
significant diffusion of gas into the termite gut. In the termite Zootermopsis,
nearly all of the methanogens detected by F,,, autofluorescence were found inside
small flagellate protozoa (Lee et al., 1987) suggesting that the protozoa were
providing refuge from an inhibitory factor. It has also been proposed that mixotro-
phy, the ability to use both organic substrates or H,, gives the acetogens a
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competitive advantage (Breznak and Kane, 1990), but it is not clear why mixotro-
phy would not be an advantage in other habitats.

One consequence of CO, reduction by acetogens instead of methanogens is
that more of the substrate carbon and reducing power is made available to the
animal host rather than being lost as CH,. It has been estimated that about 12%
of feed energy is lost as CH, in ruminants (Russell and Strobel, 1989). This
predominance of acetogenesis also means that the amount of CH, emitted to the
atmosphere per unit substrate consumed is considerably lower. It would be
advantageous in terms of animal nutrition if the rumen fermentation could be
shifted toward greater acetogenesis, and this would also lead to lower CH,
emission to the atmosphere (see below). Feeding cattle with ionophore antibiotics,
especially monensin, can decrease CH, emissions by 30%, leading to greater
concentrations of reduced products, especially propionate (Russell and Strobel,
1989). Gram positive organisms, including pseudomurein-containing methano-
gens, tend to be more sensitive to these antibiotics, and this apparently leads to
fermentation shifts (Russell and Strobel, 1989).

Most animals have hindgut fermentation chambers, including humans. The
human large intestine receives undigestible food, mainly plant fiber, as well as
sloughed off intestinal mucosa, etc. These are fermented mainly to fatty acids as
in the rumen. Between 10% and 30% of humans produce considerable amounts
of CH,, with the remainder producing H, and CO,, (Miller, 1991). The CH,
production rate for an individual corroborates with fecal numbers of Methanobrev-
ibacter, which can vary between 10' and 10" per g dry weight. Reduction of
*CO, to ’C-acetate was detected using '*C-nuclear magnetic resonance in human
and rat feces, with higher rates of acetogenesis in individuals producing little
CH, (Lajoie et al., 1988). The reasons why some individuals are more methano-
genic than others are unclear. It is also of interest that 5~10% of our diet energy
can be derived from fatty acids absorbed from our large intestine (Miller, 1991).
A methanogen growing on H, and CH,OH, Methanosphaera stadtmanii has also
been isolated from human feces, but the importance of this reaction to overall
methanogenesis is probably not great. Finally, another anaerobic microenviron-
ment that is part of the gastrointestinal system that can harbor methanogens is
dental plaque (Belay et al., 1988; Kemp et al., 1983).

3.6.5 Geothermal Habitats

Terrestrial geothermal areas are widespread, and microbial populations in hot
springs ranging in temperature from 40 to 100°C have been studied microbiologi-
cally in Yellowstone National Park in Wyoming, and in California, Iceland, Italy,
and New Zealand. H, and CO, are among the gases flushing terrestrial hot springs,
and it is not surprising that Methanobacterium thermoautotrophicum (t,,, = 65°C)
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(Zeikus et al., 1980) and Methanothermus fervidus (t,, = 83°C) (Stetter et al.,
1981) have been isolated from terrestrial hot spring waters. Another habitat
associated terrestrial hot springs is the cyanobacterial-bacterial mat, which is
found in neutral to alkaline spring outflows with temperatures below 73°C. M.
thermoautotrophicum is found in anaerobic layers underlying the upper photosyn-
thetic layer (Sandbeck and Ward, 1982; Zeikus et al., 1980). Acetotrophic
methanogens are less frequently found in hot springs, although a thermophilic
Methanothrix was enriched from “‘decaying algal ooze” from hot springs in
Kamchatka, Russia (Nozhevnikova and Chudina, 1985).

Marine hot springs can be found near shore and range up to 100°C. Methanococ-
cus thermolithotrophicus (t,,, = 65°C) was isolated from sediments off the coast
of Italy. More spectacular are the undersea hydrothermal vents found in spreading
centers (Jannasch and Taylor, 1984) such as the Galapagos Rift site. Because of
the high hydrostatic pressure at these sites, the water temperature can reach as
high as 350°C. The hydrothermal fluid contains reduced compounds, including
H,, CO, and H, S and the ability of these compounds to support a well-developed
aerobic chemosynthetic community in the surrounding waters is well-documented
(Jannasch and Taylor, 1984). The springs themselves are also an ideal place to
determine the upper temperature limit of life, and many novel hyperthermophilic
organisms have been cultured from these sites along the thermal gradient emanat-
ing from these springs, especially by K. Stetter and colleagues (Stetter et al.,
1990). Methanococcus jannaschii (t,, = 85°C) (Jones et al., 1983), Methanococ-
cus igneus (t,, = 88°C) (Burggraf et al., 1990), and Methanopyrus kandleri (,,
= 105°C) (Kurr et al., 1991) have been isolated from these sites. These are all
hydrogenotrophic methanogens, and hyperthermophilic methanogens growing on
substrates other than H,, even formate, have not been described.

3.6.6 Other Habitats

Methanogens can be found in many other anaerobic habitats. Landfills receiv-
ing refuse can rapidly turn anaerobic because of the large amount of organic
matter being degraded, and produce CH,. This CH, can be hazardous to housing
built over the site. In some landfills, CH, is now being “harvested” by underground
pipes for energy generation. Initial aerobic oxidation in landfills can heat them
to 70°C, so that thermophilic anaerobes may be important once anaerobiosis
ensues. Methanobacterium, Methanosarcina, and Methanothrix have been cul-
tured from landfills (Archer and Peck, 1989).

The heartwood of trees can become water saturated (wetwood) and support a
variety of anaerobic bacteria including hydrogenotrophic methanogens such as
Methanobrevibacter arboriphilus (Zeikus, 1977).

Iron pipe exposed to anaerobic conditions is subject to corrosion. While corro-
sion is mainly attributed to sulfate reducing bacteria, it has also been shown that



Physiological Ecology of Methanogens 175

methanogens can play a role in iron biocorrosion (Daniels et al., 1987). Elemental
iron undergoes a process in which a thin film of H, is formed on the surface in
thermodynamic equilibrium with elemental iron:

Fe® + 2H* — Fe’* + H, (AG® = +1 kJ/rxn)

The H, inhibits its further production, but the presence of a hydrogenotrophic
methanogen can “pull” the reaction by consuming H, in a process analogous to
interspecies H, transfer.

3.7 The Global CH, Cycle

Methanogenesis represents a significant portion of the carbon flow in the
anaerobic habitats described above. In many of those habitats, CH, diffusing
away reaches an anaerobic/aerobic interface, which is the habitat for aerobic
CH, oxidizing bacteria (methanotrophs) (Kiene, 1991). Thus, much of the CH,
produced in soils, sediments, and lake bottoms never reaches the atmosphere,
since it is consumed by methanotrophs. It was recently shown that methyl fluoride
at ca. 1% v/v in the headspace gas inhibited CH, oxidation, but was only slightly
inhibitory to methanogenesis (Oremland and Culbertson, 1992). Addition of
methyl fluoride to sand along a lake shoreline, creek sediments, or compost, led
to a 3- to 400-fold increase in CH, released into chambers covering those sites,
indicating that a significant fraction of CH, produced was consumed by methano-
trophs in these habitats. There was no stimulation of CH, emission by methyl
fluoride in San Francisco Bay saltmarsh sediments, indicating that methanotrophs
played a minor role in those sediments.

A considerable amount of biogenic CH, is not consumed by methanotrophs in
some habitats and reaches the atmosphere. This includes CH, produced in shallow
sediments such as marshes and rice paddies. CH, can diffuse out of the sediments
and can reach the atmosphere before oxidation, or be transported directly to the
atmosphere as bubbles. Another mechanism for CH, to leave aquatic anaerobic
systems is via the vascular system of plants as a conduit (Dacey and Klug, 1979),
and rice plants may be especially important conduits (Tyler, 1991). CH, can also
diffuse out of landfill sites. CH, produced in foregut or hindgut fermentations
can also be released to the atmosphere.

Atmospheric CH, eventually reaches the stratosphere, where it reacts with free
radicals, mainly hydroxyl radical, forming CH,-, which can then participate in a
number of complex reactions leading to both ozone production and destruction
(Tyler, 1991). CH, can react with chlorine radical, and deplete this ozone destroy-
ing species. CH, oxidation in the stratosphere may also be an important source
of water which forms ice clouds at a height of 85 km (Thomas et al., 1989). It
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is estimated that the average lifetime for CH, in the atmosphere is 7-11 years
(Pearman and Fraser, 1988).

CH, is an important greenhouse gas. Although its current atmospheric concen-
tration, 1.7 ppm (by volume) is considerably lower than that of CO, (ca. 345
ppm) it has a higher infrared absorbance and, per molecule, is considered to be
thirty times as effective a greenhouse as CO, (Tyler, 1991). CH, is deemed to be
the second most important greenhouse gas after CO,, making roughly 25% of the
contribution to greenhouse warming that CO, does (Tyler, 1991).

It has been determined that the CH, in our atmosphere is presently increasing
by 1% per year. CH, can be measured in air bubbles trapped in polar ice at
different depths, and those samples can also be accurately dated. Using such
techniques, it has been determined that CH, was relatively constant at 0.8 ppm
from 1600 until 1850, but that since then there has been a steady increase to the
present value of 1.7 ppm (Pearman and Fraser, 1988). CH, has been measured
in ice samples of up to 160,000 years old (Chappellaz et al., 1990), and it was
found that CH, varied between 0.35 and 0.65 ppm until the recent time period.
Higher values corresponded with periods of higher temperature and deglaciation,
but it is not clear whether the higher CH, was a cause or an effect of higher
temperature.

Thus, atmospheric CH, is presently at a concentration unprecedented in the
past 160,000 years. The increase in the past one hundred and fifty years strongly
suggests an impact by human activity. Attempts have been made to determine
the magnitude of various natural and anthropogenic contributions to CH, in the
atmosphere. A typical ledger for CH, emission to the atmosphere is shown in
Table 3.8. There is considerable uncertainty about the actual values, since they
usually involve extrapolation from a small scale to a global scale. Khalil and
Rasmussen (1990) discuss CH, budgets proposed by various investigators and
describe constraints on them.

Despite uncertainties concerning the precise contributions of various CH,
sources, it can be concluded that many of the methanogenic habitats discussed
previously make a major contribution to atmospheric CH,, especially ruminants,
wetlands, rice paddies, and landfills. The contribution of termites to CH, emis-
sions has been controversial. A large contribution was initially proposed (Zimmer-
mann et al., 1982), but most researchers favor a lower value (Tyler, 1991)
consistent with results that show that termites convert only a small fraction of the
carbon they digest to CH, (Figure 3.5d).

Human activity (industrial processes, livestock, rice paddies, biomass burning,
etc.) has had a major impact on biogenic and abiogenic CH, emission. Agriculture
accounts for a large fraction of the biogenic portion of anthropogenic CH, emis-
sions (Table 3.8). As previously stated it would be desirable from an animal
nutrition standpoint to lower CH, emissions from livestock, and modest decreases
have been obtained with ionophore antibiotics. It is possible that adopting certain
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Table 3.8 Estimates of CH, released into the atmosphere, based on estimates of Tyler
(1991).

Source CH, Emission (10'* g/yr)
Biogenic
Livestock 80-100
Termites 25-150
Rice paddy fields 70-120
Natural wetlands 120-200
Landfills 5-70
Oceans 1-20
Tundra 1-5
Nonbiogenic
Coal mining 10-35
Natural gas flaring and venting 10-30
Industrial and pipeline losses 15-45
Biomass burning 1040
Methane hydrates 24
Volcanoes 0.5
Automobiles 0.5
Total 355-870
Total biogenic 302-715
Total anthropogenic 201-441

practices in rice paddy management might reduce their CH, emissions. However,
complex scientific, economic, and political issues come into play when discussing
the magnitude of global climate change, the role of CH, in global climate change,
and which steps might be taken to reduce CH, emissions, issues that are beyond
the scope of this chapter.

3.8 Biotechnological Uses for Mixed Methanogenic Cultures
3.8.1 Novel Substrates and Anaerobic Bioreactor Configurations

Anaerobic digestion is now considered an attractive method for energy-efficient
treatment of a variety of high strength wastes other than sewage sludge, including
animal manures, crop wastes, food processing wastes, distillery wastes, and
municipal wastes (for a review, see Hall and Hobson, 1988). In general, there
has been increasing appreciation for the abilities of anaerobes to degrade a wide
variety of organic compounds, including aromatic compounds (Schink, 1988),
and halogenated organics (see below). Most of the carbon in the waste is converted
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to CH,, while many of the nutrients are retained, making the treated sludge an
excellent fertilizer if there are no toxic compounds or pathogens present. Anaero-
bic digestion has also been considered to be a method to turn biomass, usually
lignocellulose or kelp, to energy. However, such schemes must presently be
considered economically unfeasible when compared to the cost of natural gas
because of the costs associated with converting biomass to CH,, including the
biomass feedstock, the pretreatment of that feedstock, process costs, and costs,
in some cases, to remove CO,, H,S and other impurities to make pipeline-quality
gas. Thus, anaerobic digestion must be considered a method of energy efficient
waste treatment rather than a method for net energy generation at the present
time.

Long retention time makes the conventional anaerobic digestor unsuitable for
the treatment of many dilute soluble wastes that are generated. New bioreactor
designs incorporate methods of retaining biomass, so that the organism retention
times are decoupled from the hydraulic retention times, thereby preventing wash-
out of the slow growing acid consuming organisms. Another advantage of bioreac-
tors in which biomass is retained is that their high biomass content can lead to
extremely high rates of methanogenesis, and hydraulic retention times as short
as a few hours. Two such bioreactor configurations, fixed biofilm reactors and
sludge blanket reactors, will be discussed.

In a fixed biofilm reactor, a surface is provided on which microorganisms can
colonize and form a biofilm. The first fixed biofilm anaerobic reactor developed
was the anaerobic filter (Young and McCarty, 1969), analogous to the aerobic
trickling filter, in which macroscopic supports are provided for colonization, and
the waste flows by the support. The first support used was rocks, but more
recently glass beads, ceramic particles, or a plastic matrix, have been used (van
den Berg, 1984). Anaerobic filters have been used successfully to treat a variety
of wastes, but are prone to clogging (van den Berg, 1984).

In expanded/fluidized bed reactors (Fig 3.6a), the colonization substrate con-
sists of small (< 1 mm) particles such as sand, alumina, or diatomaceous earth
(Switzenbaum, 1983; van den Berg, 1984). The waste must be pumped fast
enough to expand or fluidize (depending on the degree of bed expansion) the bed
of particles so that the liquid can flow past them without any clogging caused by
particulates in the waste or by reactor biomass. Since the hydraulic flow rate of
the feed is usually not sufficient for bed expansion, a recycle pump is used to
increase the flow rate. The major advantage of expanded/fluidized bed reactors
is the extremely high surface area available for colonization, allowing high
concentrations of biomass in the reactor. Because of their high biomass content,
expanded/fluidized reactors can efficiently treat wastes with hydraulic retention
times as short as 1 h (Jewell et al., 1981; Schraa and Jewell, 1984). In one
microscopic study of an anaerobic biofilm treating swine wastes (Robinson et
al., 1984), several different morphotypes of autofluorescent methanogens were



Physiological Ecology of Methanogens 179

a. b.
Gas
Collector.
Gas
Effluent \ I L Effluent
Gas
Water

Recycle
pump

influent

[

Influent

Figure 3.6. Two novel bioreactor configurations: a, the expanded/fluidized bed reactor; b,
the upflow anaerobic sludge blanket (UASB) reactor.

detected. Methanothrix-like filaments were on the film surface, while Methanos-
arcina-like clumps were embedded within the lower regions of the film, and
similar methanogen diversity was detected in a butyrate degrading biofilm (Zellner
et al., 1991).

Limiting the use of fixed biofilm reactors is the long startup period, often
months, before sufficient biomass has colonized the surfaces to perform efficiently
(Switzenbaum, 1983; van den Berg, 1984). However, once started up, such
reactors are extremely robust. In one study (Gorris et al., 1989), biofilm formation
was found to consist of three periods: a lag phase in which the substrate was
initially colonized, followed by a biofilm production phase, after which a steady
state phase in which biomass is sloughed off at roughly the same rate as it forms.
The colonization of a variety of plastic supports by methanogens was studied,
and it was found that Methanothrix soehngenii favored hydrophobic polymers,
Methanospirillum hungatei JF-1 favored hydrophilic polymers, and Methano-
brevibacter arboriphilus AZ adhered to all supports (Verrier et al., 1988). On
the other hand, Methanosarcina mazei MC3 did not adhere to any of the supports,
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and probably can only colonize after other organisms have initiated the biofilm.
More recently, the hydrophobicities and charge on methanogens was determined,
and Methanothrix soehngenii was very hydrophobic with little charge, while
Methanosarcina barkeri had high negative charge on its surface (Grotenhuis et
al., 1992), which is not surprising since its sacculus is very acidic (Kreisl and
Kandler, 1986). This high negative charge and the resulting repulsion between
cells is consistent with my personal observation that it is difficult to obtain
tight pellets of Methanosarcina when centrifuging cultures. Understanding the
interaction between anaerobic bacteria and various surfaces should help in the
optimization of startup of fixed film reactors.

The upflow anaerobic sludge blanket (UASB) reactor was developed in Holland
by Lettinga and colleagues (Lettinga et al., 1980) and is depicted in Figure 3.6b.
The key to this reactor is the development of microbial “granules” a few mm
across that are retained by the reactor, so that the sludge blanket is nearly solid
microbial biomass, with bacterial densities in excess of 10'? per ml (Grotenhuis
et al., 1991). Granule retention is facilitated by the gas collecting apparatus
shown in Figure 3.6b, in which a tortuous path to the effluent outlet prevents loss
of most of the granules. This selects for organisms which are able to remain in
the reactor as part of granular consortia. The UASB reactor has been used to treat
a wide range of municipal and industrial wastes (Switzenbaum, 1983; van den
Berg, 1984), and high loading rates and short retention times are possible. A
thermophilic UASB reactor (Wiegant and de Man, 1986) produced more than 50
times its volume in CH, daily!

As in fixed biofilm reactors, the start-up of UASB reactors leading to granule
formation is critical and considerable effort has gone into studying the microbiol-
ogy of the granules and their formation. The microbial composition of the granules
can vary significantly with the substrate, since some substrates, such as sugars,
will select for more complex communities than other substrates, such as fatty
acids, which will lack fermentative bacteria (Figure 3.5a). The density of the
granules is 1.00-1.05, barely more dense than water, so that according to Stoke’s
law, fairly large size is needed to obtain a reasonable settling velocity (Dolfing
et al., 1985). Chemical analysis of granules treating sugar plant wastes indicated
that large amounts of extracellular polysaccharide were not present in the granules
(Dolfing et al., 1985; Grotenhuis et al., 1991). Analysis of methanogenic and
nonmethanogenic organisms isolated from granules, including Methanothrix,
indicates that they were all quite hydrophobic and carry little electrical charge
(Grotenhuis et al., 1992) suggesting an important role for hydrophobic interac-
tions in associations leading to granule formation. Transmission electron micros-
copy using ruthenium red staining for polysaccharides (Grotenhuis et al., 1991)
showed little extracellular polysaccharide surrounding Methanothrix cells, while
Methanosarcina aggregates had a strongly staining layer surrounding it, perhaps
to overcome the high negative charge of its sacculus.
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When viewed by scanning or transmission microscopy, short or long Methan-
othrix-like filaments are often visible and can account for 30% of the cells in
granules treating sugar plant wastes (Dolfing et al., 1985), and because of its
hydrophobicity (Grotenhuis et al., 1992) and its ability to form a filamentous
matrix, Methanothrix is considered to play an important structural role in forming
compact efficient granules (Dolfing et al., 1985). In one study of acetate-fed
thermophilic UASB reactors (Wiegant and de Man, 1986), granules consisting
mainly of Methanosarcina were produced by keeping the feeding rate sufficiently
high so that the effluent acetate concentration was higher than 10 mM. They
found that reactors with the Methanosarcina-rich granules could only reach one
tenth the volumetric CH, production rate of reactors with Methanothrix granules,
and that the Methanosarcina granules were loose and easily washed out. How-
ever, Methanosarcina clumps can be found embedded in granules containing
more complex microbial communities (Grotenhuis et al., 1991; Visser et al.,
1991).

Evidence for macroscopic structure in some granules has been obtained. In an
electron microscopic study of granules grown on sucrose, three layers were
discerned (MacLeod et al., 1990). The outer layer, about 20 um thick, consisted
of various morphotypes in relatively loose association, and the underlying layer
consisted of rod shaped bacteria in much closer association reminiscent of the
fatty acid degrading syntrophic associations described using immunoelectron
microscopy (Dubourgier et al., 1988). The inner layer of the granules was mainly
organisms clearly resembling Methanothrix, and also contained cavities which
were presumed to be gas pockets. On the basis of purely morphological criteria,
it was proposed that the three layers contained different trophic groups, with
fermentative bacteria and hydrogenotrophic methanogens in the outer layer, H, -
producing acetogens and hydrogenotrophic methanogens in the middle layer, and
acetotrophic methanogens in the inner layer. Another study of granule structure,
in which histological sections of mesophilic and thermophilic granules using fatty
acids were viewed by light microscopy, found a two-layered structure (Macario
etal., 1991; Visser et al., 1991). Organisms reacting with antibodies to Methano-
sarcina thermophila TM-1 were found in both the interior and exterior layer of
granules, while organisms reacting with Methanothrix soehngenii antibodies were
found only in the exterior layer. Organisms reacting to antiserum to Methanobact-
erium thermoautotrophicum were found as large aggregated colonies on the
exterior of thermophilic granules, and organisms reacting with Methanobrevi-
bacter arboriphilus antibody were evenly distributed throughout the granule
exterior layer.

In contrast, another study failed to find a layered structure in propionate or
ethanol utilizing granules (Grotenhuis et al., 1991). Interestingly, using cultural
and immunoelectron microscopy, it was found that Methanothrix and Methano-
brevibacter arboriphilus were the predominant methanogens in propionate utiliz-
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ing granules, while Methanosarcina and Methanospirillum predominated in etha-
nol utilizing granules All of these organisms were found in granules treating sugar
plant waste.

Anaerobic biofilms and the granules in UASB reactors are fascinating miniature
ecosystems and warrant continued further study. There is still much to learn about
factors which lead to their formation, and in community structure in already-
formed biofilms and granules.

Another anaerobic bioreactor configuration is the two-phase reactor. In this
system, two bioreactors are run in series. The first phase is acidogenic, and is
operated at short retention time, so that the waste is converted to organic acids
in a manner resembling the rumen. The second phase is the methanogenic or acid
consuming phase, and can be run at long retention time or as a fixed film reactor
to favor slow-growing acid consuming organisms. In theory, each phase can be
optimized for its respective process (van den Berg, 1984). A two-phase system
treating cellulose, in which the first phase uses microbial populations derived
from a sheep rumen while the second methanogenic phase is an UASB reactor,
has been described (Gijzen et al., 1988). An interesting variation of the two stage
reactor was described (Thiele and Zeikus, 1987) in which anion exchange resin
was used to shuttle fatty acids from an acidogenic reactor treating cheese whey
to an upflow anaerobic filter methanogenic reactor. One notable aspect of the
study was that the methanogenic reactor, upon receiving a shock load of substrate,
produced the equivalent of 100-200 times its own volume in CH, per day for a
period of a few hours. The shuttle cannot transfer neutral products such as ethanol,
and it remains to be seen whether the process is practical.

One final topic in anaerobic digestion which deserves mention is microbial
nutrition. Methanogenic bacteria require a several trace metal nutrients in order
to grow, including nickel, cobalt, molybdenum, and large amounts of iron
(Jarrell and Kalmokoff, 1988). It is conceivable that these elements can limit
methanogenesis in anaerobic bioreactors or in other habitats, either because
they are not present in high enough amounts, or because they are not available
due to formation of metal sulfide precipitates. Many metals have a solubility in
the nanomolar range when in the presence of sulfide. Studies have shown that
nickel can stimulate methanogenesis in anaerobic bioreactors treating a defined
medium containing acetate (Speece et al., 1983), or bean blanching waste
(Murray and van den Berg, 1981). In the latter study, cobalt was also stimulatory.
It is not clear whether similar nutritional deficiencies occur when more complex
wastes are treated. Whether naturally present complexing agents help make metals
more available, or whether the methanogens themselves have mechanisms to
make the metals more available is presently unknown, but could be of great
importance in regulating their activity in anaerobic bioreactors and in natural
habitats.

In conclusion, new anaerobic bioreactor configurations have been devised
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which allow the treatment of a wide variety of wastes besides sewage sludge.
Some of these configurations, especially the UASB, have been commercialized
and show promise in the the energy-efficient treatment of organic wastes. Further
understanding of the physiology and biochemistry of methanogens should im-
prove process efficiency and stability.

3.8.2 Thermophilic Anaerobic Digestion

It has been known since the 1930s that anaerobic conversion of wastes can
occur in the temperature range 50-60°C, and a large number of laboratory, pilot,
and full-scale thermophilic anaerobic bioreactors have been described (Buhr and
Andrews, 1977; Zinder, 1986). Thermophilic versions of the expanded bed
(Schraa and Jewell, 1984) and UASB (Wiegant and de Man, 1986) reactors have
been successfully operated. Carbon flow to CH, in thermophilic bioreactors
essentially resembles that in mesophilic reactors (Mackie and Bryant, 1981;
Winter and Zellner, 1990; Zinder et al., 1984), although there appears to be less
tendency to form propionate from carbohydrates (Winter and Zellner, 1990).
Operation at temperatures over 60°C often causes drastic drops in efficiency in
thermophilic anaerobic bioreactors (Pfeffer, 1974; Varel et al., 1980). As pre-
viously stated, no acetate utilizing methanogens with optima above 60—65°C are
presently known (Zinder, 1990).

Among the advantages of thermophilic anaerobic digestion over the mesophilic
process are increased reaction rates and lower retention times, destruction of
pathogens (pasteurization), and lower viscosity, which can make sludge dewater-
ing easier. Among the considered disadvantages are increased heat requirement,
and reports of poor process stability (Buhr and Andrews, 1977). While increased
heat requirement can be an important drawback, many thermophilic bioreactors
produce more than enough CH, for their own heating. Some wastes, such as
distillery wastes, are already heated, and many industries have heat as a waste
product of other processes. Reports of poor process stability is probably due to
poor temperature control. A thermophilic bioreactor operated in our laboratory
for several years (Zinder et al., 1984) showed excellent stability.

The primary advantage of the thermophilic process is that lower retention times
are possible. It was shown that a laboratory-scale thermophilic cattle waste
digestor could be operated at retention times as short as three days (Varel et al.,
1977). An advantage of shorter retention time is that a smaller bioreactor is
needed. For example, shifting a full scale anaerobic digestor at a sewage treatment
plant to thermophilic operation allowed the decrease of its retention time from
14 to 7 days, thereby doubling its capacity and saving the capital cost of building
a new digestor (Rimkus et al., 1982). This decrease in retention time can be
directly attributed to the more rapid growth of thermophilic acetotrophic methano-
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gens and other acid consuming organisms [i.e., fatty acid oxidizing syntrophs
(Ahring and Westermann, 1987)] when compared to mesophiles.

Thermophilic anaerobes capable of growth at 50-60°C appear to be common
in mesophilic environments. A 60°C cattle waste digestor could be started up
using mesophilic digestor sludge or rumen fluid with little lag (Varel et al., 1977).
A UASB reactor shifted from 38°C to 55°C produced CH, within a week, and
was treating waste with 80% efficiency within three weeks. The rapid appearance
of several thermophilic methanogen serotypes in the granules after the temperature
increase was documented using fluorescent antibody techniques (Visser et al.,
1991). Several thermophilic methanogenic and nonmethanogenic anaerobes
which can play a role in thermophilic anaerobic digestion have been described
(Winter and Zellner, 1990; Zinder, 1986). The most common methanogens
reported to be present in thermophilic anaerobic bioreactors are Methanobacter-
ium thermoautotrophicum (Visser et al., 1991; Zinder et al., 1984), Methanogen-
ium thermophilicum (Widdel, 1986; Zabel et al., 1985), Methanosarcina ther-
mophila and thermophilic Methanothrix (Visser et al., 1991; Wiegant and de
Man, 1986; Zinder et al., 1984), and the TAM organism (Ahring and West-
ermann, 1985; Stams et al., 1992). A thermophilic acetate oxidizing syntrophic
coculture has been described (Zinder and Koch, 1984), and recently, evidence
has been obtained that acetate oxidation rather than acetate splitting, may play a
role in some thermophilic bioreactors when acetate concentrations are low (Pet-
ersen and Ahring, 1991).

3.7.3 Anaerobic Dehalogenation

Halogenated organic compounds are major environmental pollutants. While
there has been extensive study of their degradation by aerobic microorganisms,
it was not until 1982 that the potential of anaerobes in the biodegradation of
halogenated organics began to be appreciated. In that year, Suflita et al. (1982)
showed that several halogenated benzoates were degraded by anaerobic sewage
digestor sludge. Since then, the dehalogenation of a wide variety of halogenated
organic compounds has been demonstrated (Table 3.9). The mechanism in most
of these dehalogenations is reductive, which can be represented by the reaction:

R—X + 2[H] - R—H + HX

in which R represents an organic molecule, X a halogen, and [H] an electron
(plus proton). Reductive dehalogenation is therefore the equivalent of the addition
of H, across the carbon-halogen bond.

Reductive dehalogenation is energetically favorable compared to many anaero-
bic reactions. For example, the E°' for reductive dehalogenation of chlorinated
ethylenes ranges from +0.37 to +0.58 V (Vogel et al., 1987), similar to nitrate
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reduction to nitrite (+0.43 V). Therefore, one may predict that organisms could
evolve to use halogenated compounds as terminal electron acceptors. Presently,
there are only two organisms shown to couple growth to using a halogenated
organic as an electron acceptor. One is Desulfomonile tiedjei, a sulfate reducer
which can grown on H, or formate and several halogenated benzoates (DeWeerd
et al., 1990). The other is the recently described Dehalobacter restrictus (Hol-
liger, 1992) which can grow on H, or formate and reduces tetrachloroethylene to
dichloroethylene.

Both methanogenic habitats and cultures have been shown to carry out reductive
dehalogenation of a wide spectrum of halogenated organic compounds (Table
3.9). Notable among these are some highly chlorinated compounds which are
resistant to aerobic degradation, and are considered major pollutants, such as
tetrachloroethylene, chloroform, and polychlorinated biphenyls. In the case of
tetrachloroethylene (perchloroethylene or PCE), which is completely resistant to

Table 3.9 Selected examples of dehalogenation of halogenated organic compounds by
methanogenic habitats or pure cultures (many other examples exist)

Compound Products System Reference®
Chlorobenzoates Benzoate Digestor sludge 1
Pentachlorophenol Phenol, benzoate Anaerobic sediments 2
Hexachlorobenzene  Tri- and dichloro- Digestor sludge 3
benzenes
Tetrachlorobiphenyls Dichlorobiphenyls Contaminated sediments 4
Tetrachloroethylene  Vinyl chloride and CO, Acetate-utilizing anaero- 5
bic biofilm
Tetrachloroethylene  Ethylene Anaerobic enrichment 6
Tetrachloroethylene  Ethane Anaerobic enrichment 7
Tetrachloroethylene  Trichloroethylene Methanosarcina barkeri 8
1,2-Dichloroethane  Chloroethane, ethylene  Various methanogens 9
1,2-Dibromoethane  Ethylene Various methanogens 10
Carbon tetrachloride Chloroform, CO, Acetate-utilizing anaero- 11
bic biofilm
Chloroform Dichloromethane Methanobacterium 12
thermoautotrophicum
Chloroform Dichloromethane Methanosarcina barkeri 13
Dichloromethane Acetate, CO, Methanogenic enrichment 14
CCL,F CHFCl,, CH,FCl, CO  Methanosarcina barkeri 15

“References: 1, Suflita et al., 1982; 2, Mikesell and Boyd, 1986; 3, Fathepure et al., 1988;

4, Quensen III et al., 1990; 5, Vogel and McCarty, 198S5; 6, DiStefano et al., 1991; 7,
de Bruin et al., 1992 ; 8, Fathepure and Boyd, 1988; 9, Holliger, 1992; 10, Belay and
Daniels, 1987; 11, Bouwer and McCarty, 1983; 12, Egli et al., 1987; 13, Mikesell and
Boyd, 1990; 14, Freedman and Gossett, 1991; 15, Krone and Thauer, 1992.
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aerobic degradation, some habitats effect only partial dechlorination to dichloro-
ethylene (Gibson and Sewell, 1992) or vinyl chloride (Vogel and McCarty,
1985), which is considered more toxic than tetrachloroethylene, while others can
completely dechlorinate PCE to ethylene (DiStefano et al., 1991; Freedman and
Gossett, 1989) or even ethane (de Bruin et al., 1992). The reasons for these
differences are unclear.

Pure cultures of methanogens listed in Table 3.9 generally carry out reductive
dehalogenation at rates usually lower than dehalogenating habitats, and dehalo-
genation represents only a small fraction of their methanogenic metabolism. It
has been found that cobalamins and cofactor F,;,, both of which are plentiful
in methanogens, can catalyze reductive dehalogenation of one and two-carbon
halogenated organic compounds when provided with a strong reducing agent,
such as Ti** (Gantzer and Wackett, 1991; Holliger, 1992; Krone et al., 1989;
Krone et al., 1989). It is therefore likely that dehalogenation by methanogens is
a non-specific reaction catalyzed by reduced transition metal complexes in them.
Apparently, there are other organisms in methanogenic habitats which carry out
more rapid and specific dehalogenation. If these organisms use H, /formate as
their reductant, as Desulfomonile tiedjei and Dehalobacter restrictus do, they
should be competing with methanogens for their substrate, and should be expected
to outcompete methanogens because of the superior energetics of reductive deha-
logenation versus CO, reduction to CH,.

Even if their role in dehalogenation in methanogenic habitats is minor, methan-
ogens still play important roles in carbon flow in those systems, as in the complete
conversion of 3-chlorobenzoate to CH, and CO, by a microbial consortium
(Dolfing and Tiedje, 1986). In this consortium, 3-chlorobenzoate was converted
to benzoate by Desulfomonile tiedjei and benzoate was oxidized to acetate and
H, by an organism resembling Syntrophus buswellii. Some of the H, produced
from benzoate oxidation was used for reductive dechlorination, while acetate and
the remaining H, were consumed by methanogens. Proper functioning by the
methanogens in removing the products of benzoate oxidation is important to
efficient functioning of the culture.

There is considerable potential for the use of mixed methanogenic cultures in
the bioremediation of sites contaminated with halogenated organics (Bhatnagar
and Fathepure, 1991). Contaminated wastes can be treated either by pumping
them through a treatment facility, or by stimulating in situ activity of organisms,
especially since many waste sites are already anaerobic. Compounds with several
halogens are often dehalogenated more rapidly by anaerobes than when only one
or a few halogens are present, which is the opposite trend from that in aerobic
biodegradation (Vogel et al., 1987). This has led to the idea of treatment using
sequential anaerobic/aerobic bioreactors (Fathepure and Vogel, 1991), although
complete dechlorination by anaerobes is possible in many cases. Understanding
the role of methanogens in anaerobic microbial communities involved in bio-



Physiological Ecology of Methanogens 187

remediation schemes will be essential for efficient and reliable removal of haloge-
nated organics and other pollutants.
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Reactions and Enzymes Involved in
Methanogenesis from CO, and H,

Rudolf K. Thauer, Reiner Hedderich, and Reinhard Fischer

4. Introduction

This chapter concentrates on the reactions and enzymes involved in methano-
genesis from CO, and H,. The coenzymes and electron carriers involved are
described only as far as necessary for the understanding of their functions; they
are dealt with extensively in other chapters. The bioenergetics of CQO, reduction
to CH, are only briefly discussed. For details the reader is referred to Chapter 8.
We have tried to cover the complete literature dealing with the enzymology of
methanogenesis from CO, and H,. However, mainly work is cited which was
performed with purified or at least partially purified preparations following the
famous dictum of Efraim Racker: don’t waste clean thinking on dirty enzymes.

4.1.1 Hydrogenotrophic Methanogens and Energetic Aspects

Most methanogenic bacteria can grow on molecular hydrogen and CO, as sole
energy source (Balch et al., 1979; Jones et al., 1987). Exceptions are, e.g.,
Methanothrix spp., which metabolize only acetate (Huser et al., 1982); Metha-
nosphaera stadtmaniae, which reduces methanol with H, (Miller and Wolin,
1985); and Methanolobus tindarius, which uses only methylamine and methanol
(Konig and Stetter, 1982):

4H, + CO,— CH, + 2 H,0, AG® = —131 kJ/mol (4.1)

In methanogenic ecosystems the partial pressure of H, is generally between 1 Pa
and 10 Pa. At these low H, concentrations the free energy change AG' associated
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with methanogenesis from CO, and H, is between —20 kJ/mol and —40 kJ/mol.
In vivo at least 50 kJ/mol are required to drive the synthesis of ATP from ADP
and inorganic phosphate (Thauer et al., 1977; Thauer and Morris, 1984). Thus,
under physiological growth conditions, less than 1 mol ATP per mol CH, can be
generated. Evidence is available that the exergonic formation of CH, and the
endergonic phosphorylation of ADP are coupled via a chemiosmotic mechanism
(Blaut et al., 1990; Gottschalk and Blaut, 1990; Kaesler and Schénheit, 1989a
and b) (see Part II, Chapter 8).

4.1.2 C,-Unit Carriers and Electron Carriers

The reduction of CO, to CH, proceeds via coenzyme bound C,-intermediates.
Methanofuran (MFR), tetrahydromethanopterin (H,MPT), and coenzyme M (H-
S-CoM) are the three C,-unit carriers found in all methanogens analyzed in this
respect (DiMarco et al., 1990a; Keltjens et al., 1990; Wolfe, 1991).

H
R 0 H ®©N-R
3 4 N 9
HNS3 s .S -
¢ HN ™ TN
H
MFR H4MPT H-S-CoM

Methanofuran (Leigh et al., 1984 and 1985) is a C,-substituted furfurylamine
found in all methanogenic bacteria and in Archaeoglobus fulgidus (White, 1988;
Moller-Zinkhan et al., 1989). There exists at least five chemically different
methanofuran-derivatives which differ in the substituent R (White, 1988) (for
structures see Part III, Chapter 9). Tetrahydromethanopterin (van Beelen et al.,
1984a) is also found in non-methanogenic archaebacteria (Mdller-Zinkhan et al.,
1989). It is very similar to tetrahydrofolate, from which it differs by the two
methyl groups in positions 7 and 9, and by the nature of the substituent R (for
structures see chapter 9). Tetrahydrosarcinapterin (H,SPT) is found in Methano-
sarcina spp. that differs from H,MPT only by an additional glutamyl moiety in
the substituent R (van Beelen et al., 1984b). Coenzyme M (Taylor and Wolfe,
1974) is the simplest coenzyme known to date. It is exclusively found in methano-
genic bacteria (Balch and Wolfe, 1979).

The functional groups of these three coenzymes, to which the C,-intermediates
are bound, are the amino group of methanofuran, the nitrogens 5 and 10 of
tetrahydromethanopterin, and the mercapto group of coenzyme M.

The reduction of CO, to methane with H, also involves several electron carriers
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(see Part I1, chapter 7). Coenzyme F,,, (Eirich et al., 1978) and N-7-mercaptohept-
anoyl-O-phospho-L-threonine (H-S-HTP) (Noll et al., 1986; Kobelt et al., 1987)
are two coenzymes for which such a function has been ascertained.

] t H H
Hi e H /s\/\/\/\n/N /
02 NN OH o H. “co;
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The substituent R (see Part III, chapter 9) in coenzyme F,,, may contain two
glutamyl moieties (F,,,—2), three glutamyl moieties (F,—3), four glutamyl
moieties (F,,,—4), or five glutamyl moieties (F,,,—5) (Eirich et al., 1979; Peck
and Archer, 1987).

The methanogens also contain ferredoxin (Hatchikian et al., 1982; Moura et
al., 1982; Terlesky and Ferry, 1988), a polyferredoxin with 12 [4Fe—48S] clusters
(Hedderich et al., 1992) and other iron-sulfur proteins (Rogers et al., 1988) of
still unknown function. Methanogens capable of oxidizing methyl-groups (of
acetate, methanol, or methylamine) to CO, additionally contain cytochromes
(Kiihn et al., 1983; Kiithn and Gottschalk, 1983; Jussofie and Gottschalk, 1986;
Kemneretal., 1987). Whether these are active when methylotrophic methanogens
grow on H, and CO, has not yet been elucidated.

4.1.3 C,-Intermediates and Partial Reactions

The following coenzyme-bound C;-intermediates in CO, reduction to methane
have been identified: N-formyl-MFR (CHC—MFR), N’-formyl-H,MPT
(CHO—HMPT), N°, N'°-methenyl-HMPT (CH=H,MPT"), N°, N'’-methyl-
ene-H,MPT (CH,=H,MPT), N°-methyl-H,MPT (CH,—H,MPT), and methyl-
coenzyme M (CH;,—S—CoM) (Keltjens et al., 1990; DiMarco et al., 1990a;
Thauer, 1990). Seven partial reactions can be formulated:

CO, + MFR + H, — CHO—MFR + AG® = +16 kJ/mol (4.2a)
H,0 + H,

CHO—MFR + — CHC—H,MPT + AG® = —4.4 kJ/mol (4.2b)
H,MPT MFR,

CHO—HMPT + H" —> CH=HMPT' +  AG® = —4.6 kJ/mol (4.2¢)
H,0,
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CH=HMPT" + H, — CH,=HMPT + H", AG” = —5.5 kJ/mol (4.2d)

CH,=H,MPT + H, — CH,—H,MPT, AG* = —17.2 kl/mol (4.2¢)
CH—HMPT +  — CH,—S—CoM +  AG® = —29.7 ki/mol (4.2f)
H—S—CoM H,MPT,

CH;,—S—CoM + H, —» CH, + H—S—CoM, AG®*' = -85 klJ/mol (4.2g)

The free energy changes given for reactions 4.2a—g have been calculated from
experimentally determined equilibrium constants or have been estimated from
analogous reactions (Keltjens and van der Drift, 1986; Keltjens and Vogels,
1988). They account for a total free energy change of —130.4 kJ/mol. This value
differs by only 0.6 kJ/mol from the free energy change calculated for the reduction
of CO, with H, to CH, from the standard free energies of formation from the
elements (Thauer et al., 1977; the thermodynamic data are given for CO,, H,,
and CH, in the gaseous state). Evidence is available that the exergonic reactions
4.2f and 4.2g are coupled with energy conservation by a chemiosmotic mecha-
nism (Blaut et al., 1990; Gottschalk and Blaut, 1990) and that the endergonic
reaction 4.2a is energy driven by reversed electron transport (Kaesler and Schon-
heit, 1989a and b) (see Chapter 8). An overview of the metabolic pathway is
given in figure 4.1.

4.1.4 Methanogenic Bacteria Investigated in Detail

The enzymes involved in the catalysis of reactions 4.2a—g have mainly been
studied in three organisms which belong to three of the four known taxonomic
orders of methanogenic bacteria (Balch et al., 1979; Woese, 1987); Methanobac-
terium thermoautotrophicum strain AH and strain Marburg (Brandis et al., 1981)
with optimal growth at a temperature of 65°C which belongs to the order Methano-
bacteriales; Methanosarcina barkeri strain Fusaro and strain MS (Kandler and
Hippe, 1977; Bryant and Boone, 1987) with a growth temperature optimum at
37°C which belong to the order of Methanomicrobiales; and Methanopyrus
kandleri (Kurr et al., 1991) with a growth temperature optimum at 98°C, which
is the sole member of its group so far (Burggraf et al., 1991). Some of the
enzymes are also found in Archaeoglobus fulgidus (Achenbach-Richter et al.,
1987), which is a sulfate-reducing archaeon phylogenetically closely related to
the Methanomicrobiales (Woese et al., 1991). Where information is available,
their properties are included in the comparison.

4.1.5 Transition Metals Required for Growth on H, and CO,

Methanogens are dependent on iron, cobalt, nickel, and molybdenum (Schén-
heit et al., 1979) and/or tungsten for growth on H, and CO, (Winter et al., 1984;
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Figure 4.1. metabolic pathway of methanogenesis from CO, and H,. CHO-MFR, N-
formylmethanofuran, CHO-H,MPT, N’-formyltetrahydromethanopterin; CH=H,MPT",
N°, N"-methenyltetrahydromethanopterin; CH,—H,MPT, N’, N’’-methylenetetrahy-
dromethanopterin; CH,-H,MPT*, N’-methyltetrahydromethanopterin; CH,-S-CoM, meth-
yl-coenzyme M; H-S-HTP, N-7-mercaptoheptanoyl-O-phospho-L-threonine; F,,0H,, re-

duced coenzyme F,,,.
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van Bruggen et al., 1986; Widdel, 1986). For each of these transition metals at
least one metallo-enzyme is known which is essential for methanogenesis from
CO, and H,. The role of the transition metals in the catalysis of reactions 4.2a—
g will be emphasized.

4.1.6 Outline

Molecular hydrogen is a substrate in four of the seven partial reactions described
above. For the activation of H, the organisms contain several hydrogenases. The
properties of these proteins will be discussed first, followed by a description of
the other enzymes involved in the catalysis of reactions 4.2a—g.

4.2 Activation of Molecular Hydrogen

Methanogenic bacteria growing on H, and CO, generally contain two (NiFe)
hydrogenases (Grraf and Thauer, 1981): a coenzyme F,,,-reducing hydrogenase,
and a coenzyme F,,,-non-reducing hydrogenase (Jacobson et al., 1982). The
physiological electron acceptor of the latter enzyme is still not known. In the
literature this enzyme is also referred to as methylviologen-reducing hydrogenase,
which is, however, misleading since both (NiFe) hydrogenases can catalyze the
reduction of viologen dyes as artificial one-electron acceptors. In addition to
the two (NiFe) hydrogenases, most methanogens contain a third very active
hydrogenase, designated H,-forming methylenetetrahydromethanopterin dehy-
drogenase, which differs from all other hydrogenases known to date in that it
does not contain nickel and/or iron-sulfur clusters (Zirngibl et al., 1990; Schworer
and Thauer, 1991).

4.2.1 Coenzyme F ,,-reducing (NiFe) hydrogenase

This (NiFe) enzyme catalyzes the reversible reduction of coenzyme F,,, with
H,. Coenzyme F,,, is a two-electron hydride acceptor with an E°' of —360 mV
(Walsh, 1986; Gloss and Hausinger, 1987). The reduction of F,,, is stereospecific
(Teshima et al., 1985; Yamazaki et al., 1985).

0
! A O HH
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The free energy change (AG®') associated with this reaction is —11 kJ/mol.
Reduced coenzyme F,,, generated in this reaction is required for the reduction

-2
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of CH=H,MPT" to CH/~=H,MPT in reaction 4.2d and for the reduction of
CH,~=H MPT to CH,—H,MPT in reaction 4.2e¢ as evidenced by the finding that
all H,/CO, grown methanogens investigated in this respect contain a very active
coenzyme F,,,-dependent methylene-HMPT dehydrogenase and a coenzyme
F,,,-dependent methylene-H,MPT reductase (Schworer and Thauer, 1991).

The F,,,-reducing hydrogenase appears to be a peripheral membrane protein
localized at the inner surface of the cytoplasmic membrane as revealed by immu-
nogold labeling techniques (Muth, 1988; Baron et al., 1989; Liinsdorf et al.,
1991). However, upon cell breakage most of the activity is recovered in the
soluble cell fraction. The enzyme, which is reversibly inactivated by O,, has been
purified and characterized from Methanobacterium thermoautotrophicum (Fox et
al., 1987), Methanobacterium formicicum (Baron and Ferry, 1989), Methanosar-
cina barkeri (Fusaro) (Fiebig and Friedrich, 1989), Methanococcus voltae (Muth
et al., 1987), Methanococcus vannielii (Yamazaki, 1982), and Methanospirillum
hungatei (Sprott et al., 1987; Choquet and Sprott, 1991).

The enzyme purified from M. thermoautotrophicum consists of three different
subunits designated « (47 kDa), 8 (31 kDa), and y (26 kDa), and contains per
mol &, 8,7y, trimer approximately 1 mol nickel, 1 mol FAD, and 13-14 mol non-
heme iron and acid-labile sulfur (Fox et al., 1987). The iron-sulfur clusters appear
to be organized in [4Fe-4S]-clusters. The 47 kDa a-subunit most probably harbors
the nickel as evidenced by characteristic nickel-binding motifs in the amino
terminus (Arg-X-Cys-X,-Cys-X;-His) and the carboxy terminus (Asp-Pro-Cys-
X,-Cys-X,-His) (Alex et al., 1990). Its sequence is homologous (30%) to that of
the large subunit of the F,,,-non-reducing hydrogenase from M. thermoautotro-
phicum and of other nickel containing hydrogenases (Alex et al., 1990). The 26
kDa vy-subunit is an iron-sulfur protein as evidenced by the presence of a bacterial
ferredoxin-like iron-sulfur cluster motif (Cys-X,-Cys-X,-Cys-X;-Cys-X,-Arg-
X ,4-16-Cys-X,-Cys-X,-Cys-X;-Cys) (Meyer, 1988). It does not display significant
direct homology to the classical small subunit of other (NiFe) hydrogenases. The
31 kDa B-subunit is probably an iron-sulfur flavoprotein and the site of coenzyme
F.,,, reduction as evidenced by the finding that the «,7y, dimer is still capable of
H,-activation but lacks FAD and the ability to reduce F,,,. The amino acid
sequence of the B-subunit exhibits 26% direct homology to the 3-subunit of the
F,,o-reducing formate dehydrogenase from Methanobacterium formicicum.

The structures of the F,,,-reducing hydrogenase from the other methanogens
are similar but not identical to that of the enzyme from M. thermoautotrophicum.
For example, the enzyme from M. voltae is composed of three subunits « (45
kDa), 8 (37 kDa), and (27 kDa) (Muth et al., 1987). It contains, per mol «,3,y,
trimer, 1 mol of FAD, 1 mol selenium (see below), and 4-5 mol non-heme iron
and acid-labile sulfur.

The genes for the F,,,-reducing hydrogenase have been cloned and sequenced
from M. thermoautotrophicum (Alex et al., 1990; Reeve and Beckler, 1990) and
from M. voltae (Halboth and Klein, 1992; see also chapter 12). The putative
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operon in both organisms is composed of four genes encoding four subunits,
indicating that one subunit must have been lost during purification of the enzyme.
However, the loss appears to have no effect on the catalytic properties (Fox et
al., 1987). It has therefore been suggested that via the fourth subunit the hydro-
genase could be anchored to the inner surface of the cytoplasmic membrane
(Przybyla et al., 1992).

As mentioned above, the F,,,-reducing hydrogenase also catalyzes the reduc-
tion of viologen dyes with H,, indicating that one-electron redox steps are involved
in the oxidation of H,. This is also suggested by the presence of iron-sulfur
clusters and explains why the enzyme contains a flavin, which is required as a
one-electron/two-electron switch for the two-electron reduction of coenzyme F,,,
(Walsh, 1979).

4.2.2 Coenzyme F ,-Non-reducing (NiFe) Hydrogenase

The physiological electron acceptor of the (NiFe) hydrogenase is not yet
known. It probably accepts one electron at a time since the enzyme catalyzes the
reduction of viologen dyes and contains iron-sulfur clusters, but lacks a flavin
and thus a one-electron/two-electron switch.

H, + 2X— 2X +2H" 4.3)

The E°' of the H'/H, couple is —~414 mV. At the H, partial pressures prevailing
in the natural habitat of the methanogens the E’ of the H'/H, couple is between
—270 mV and —300 mV. The electron acceptor X thus should have an E°’ near
—300 mV.

The F,;;-non-reducing hydrogenase is probably involved in the catalysis of
reactions (4.2a) and (4.2g). This is mainly deduced from the finding that in vivo
the reduction of CO, to formyl-MFR and of methyl-coenzyme M to CH, with H,
are not dependent on coenzyme F,,,. The localization of the enzyme in the intact
cells has not yet been determined via immuno-gold labeling. Upon cell breakage
most of the activity is recovered in the soluble cell fraction.

The enzyme, which is reversibly inactivated by O,, has been purified and
characterized from M. thermoautotrophicum (strain AH and strain Marburg (Core-
mans et al., 1989; Hedderich et al., 1990; Kolodziej et al., 1992) and Methano-
bacterium formicicum (Jin et al., 1983). The enzyme from M. thermoautotro-
phicum is composed of three subunits, a, 3, and y of apparent molecular mass
of 52 kDa, 41 kDa, and 17 kDa, respectively, and contains per mol trimer
approximately 1 mol nickel and up to 19 mol non-heme iron. The 52 kDa «-
subunit is homologous (30%) to the 47 kDa «-subunit of the F,,-reducing
hydrogenase and contains the characteristic nickel binding motifs at the amino
terminus (Arg-X-Cys-Gly-X-Cys-X,-His) and carboxy terminus (Asp-Pro-Cys-
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X,-Cys-X,-His) (Reeve et al., 1989; Reeve and Beckler, 1990). The 41 kDa 3-
subunit is probably an iron-sulfur protein. It is homologous to the small subunit
of the nickel-containing hydrogenases from sulfate-reducing bacteria and the
(NiFe) hydrogenase-1 from Escherichia coli (Przybyla et al., 1992). Comparison
of its amino acid sequence with that of other (NiFe) hydrogenases indicates the
presence of 10 conserved cysteinyl residues. In contrast to the small subunit genes
for the (NiFe) hydrogenases from eubacteria, the gene encoding the $3-subunit
does not encode an N-terminal signal peptide, consistent with the presence of the
hydrogenase in the soluble fraction of methanogenic bacteria. The function of
the 17 kDa +y-subunit is not known.

The genes for the F,,;-non-reducing hydrogenase have been cloned and se-
quenced from M. thermoautotrophicum (Reeve et al., 1989), from Methanother-
mus fervidus (Steigerwald et al., 1990), and from M. voltae (Halboth and Klein,
1992) (see chapter 12). The putative operon is composed of four genes coding
for the three subunits of the enzyme and a polyferredoxin containing 12 X [4Fe-
48] clusters. This polyferredoxin has recently been isolated. It is only slowly
reduced by H, in the presence of the F,,-non-reducing hydrogenase, making it
questionable whether this iron-sulfur protein is the physiological electron acceptor
of the (NiFe) hydrogenase (Hedderich et al., 1992).

4.2.3 The Selenocysteine-Containing Hydrogenases

The F,,,-reducing hydrogenase (Muth et al., 1987) and the F,,,-non-reducing
hydrogenase from Methanococcus voltae contain a selenocysteine instead of a
cysteine in the carboxy terminal nickel binding site of the a-subunit (Asp-
Pro-selenocysteine-X,-Cys-X,-His) (Halboth and Klein, 1992). Interestingly, the
organism additionally contains the genes for the two (NiFe) hydrogenases without
selenocysteine (Halboth and Klein, 1992). Whether and when these are expressed
is still not known. The (NiFe) hydrogenase from M. vannielii has also been shown
to contain selenium (Yamazaki, 1982).

4.2.4 H,-Forming Methylenetetrahydromethanopterin Dehydrogenase

This hydrogenase catalyzes the reversible reduction of CH=H,MPT" with H,
to CH,=H,MPT (reaction 4.2d).
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The enzyme neither catalyzes the reduction of viologen dyes nor an H,H" ex-
change, both of which are characteristic properties of the two (NiFe) hydro-
genases. H,-forming methylene-H,MPT dehydrogenase is found in all methano-
gens of the orders Methanobacteriales, Methanococcales, and also in
Methanopyrus kandleri, but appears to be absent in the order Methanomicrobiales
(Schworer and Thauer, 1991).

A very active soluble hydrogenase, which is rapidly inactivated in the presence
of air, has been purified from Methanobacterium thermoautotrophicum (Zirngibl
etal., 1990), Methanobacterium wolfei (Zirngibl et al., 1992), and Methanopyrus
kandleri (Ma et al., 1991a). It is a homodimer of a polypeptide of apparent
molecular mass of 43 kDa. The purified enzyme does not appear to contain nickel
or iron-sulfur clusters. The only transition metal found in significant amounts
was zinc and the enzyme also lacks a chromophoric prosthetic group (Zirngibl et
al., 1992). The high activity soluble hydrogenase genes have been cloned and
sequenced from M. thermoautotrophicum (von Biinau et al., 1991) and M.
kandleri (Zirngibl et al., 1992). The primary structure lacks sequence motifs
characteristic of the nickel-binding site of (NiFe) hydrogenases and of iron-sulfur
clusters of bacterial ferredoxins.

The catalytic mechanism of the enzyme has been studied in detail. Available
evidence indicates that the H,-forming dehydrogenase catalyzes a stereospecific
hydride transfer from H, to CH=H,MPT" via a ternary complex mechanism.
How this is achieved in the absence of a redox active transition metal is not yet
known.

4.3 CO, Reduction to N-Formylmethanofuran

Free formate is not an intermediate in CO, reduction to CH,. Those methano-
gens capable of growing on formate first oxidize this compound to CO,, which
is subsequently reduced (Sparling and Daniels, 1986). The direct CO, reduction
product is N-formylmethanofuran which is an N-substituted formamide (Leigh
et al., 1985).

R
H
U“H;" CO, + Hy —= U/fli\c/ﬂ + H,0 + H* (44)

o) 0
Il
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The free energy change associated with reaction 4.4 is estimated to be +16 kJ/
mol (Keltjens and van der Drift, 1986). This estimate is based on a AG®’ value
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of +3.45 kJ/mol for the reduction of CO, with H, (both in the gaseous state) to
formate and a AG®' value of +12.5 kJ/mol for the formation of formylmethano-
furan from formate and methanofuran, the latter assumed to be equal to the
formation of N-formyl-glutamate from formate and glutamate (Robinson, 1971).
The reduction of CO, to N-formylmethanofuran is thus an endergonic reaction,
in particular with respect to the low H, partial pressures of 1-10 Pa prevailing in
the natural habitats of the methanogens. Under these conditions the free energy
change is between +34 and +40 kJ/mol.

The reduction of CO, to formylmethanofuran most probably proceeds via the
carbamate which is formed from CO, and methanofuran in a very rapid spontane-
ous reaction (see Ewing et al., 1980).

R

(o]

R
H
U/NH;'O Cco, _ /O@/'I‘\C/o- + 2H* (45)
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The free energy change associated with reaction 4.5 is estimated to be +6.4 kJ/
mol, which is calculated from AG® = + 1.6 kJ/mol for HCO,” + NH, —»
NH,COO™ + H,O (Raijman and Jones, 1973) and AG*’ = +4.8 kJ/mol for CO,
(gaseous) + H,0 — HCO,” + H" (Thauer et al., 1977).

4.3.1. Three Enzyme Complexes Involved in CO, Reduction to
N-Formylmethanofuran with H,

Probably three enzyme complexes are involved in the catalysis of N-formyl-
methanofuran formation from methanofuran, CO,, and H, (partial reaction 4.2a):
(i) the F,,,-non-reducing (NiFe) hydrogenase, which catalyzes the reduction of a
still unknown electron acceptor X (see Section 4.2.2), (ii) a formylmethanofuran
dehydrogenase, which catalyzes the reversible reduction of CO, + MFR to
CHO—MEFR with a still unknown one-electron donor Y, and (iii) an oxidoreduc-
tase complex, which catalyzes the reversed electron transport from reduced X to
oxidized Y:

H,+2X—>2X +2H" (4.6a)
CO,+MFR +2Y + H'— CHO—MFR + H,O +2Y (4.6b)
2X +2Y—->2X+2Y (4.6c)

The redox potential E*' of X has been estimated to be near —300.mV (see section
4.2.2). The redox potential of Y must be near —500 mV since the E°’ of the CO,/
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CHO—MEFR couple is —497 mV (calculated from AG®' = +16 kJ/mol of partial
reaction 4.2a and E°' = —414 mV of the H"/H, couple). The reduction of Y by
X" is thus an endergonic reaction which can only proceed if driven by energy.
Evidence is available that the driving force is the sodium motive force (Kaesler
and Schonheit, 1989a and b) (see chapter 8).

The properties of the F,,-non-reducing (NiFe) hydrogenase, which catalyzes
reaction 4.6a, have been described in Section 4.2.2. The proposed reduced
X:oxidized Y oxidoreductase complex, which catalyzes reaction 4.6¢, has not
yet been identified because of the lack of knowledge about the chemical nature
of X and Y. Because the mechanism of reversed electron transport involves ion
gradients as a driving force, it is proposed that this complex is an integral part
of the cytoplasmic membrane. The formylmethanofuran dehydrogenase, which
catalyzes reaction 4.6b, has been purified and characterized.

Formylmethanofuran dehydrogenase catalyzes the reversible reduction of arti-
ficial one-electron acceptors such as viologen dyes with N-formylmethanofuran
(Bomer et al., 1989). The enzyme does not contain a flavin indicating that,
because of the lack of a one-electron/two-electron switch, the physiological
electron acceptor Y is most probably a one- (or n X one) electron carrier. The
enzyme is found in all H,/CO,-grown methanogens investigated (Schwoérer and
Thauer, 1991). It appears to be associated with the soluble cell fraction because
after cell breakage more than 90% of the enzyme activity is recovered in the
100,000 X g supernatant. Formylmethanofuran dehydrogenase, which is rapidly
inactivated in the presence of air, has been purified from Methanobacterium
thermoautotrophicum (Borner et al., 1991), from Methanosarcina barkeri (Kar-
rasch et al., 1989), and from Methanobacterium wolfei (Schmitz et al., 1992)
and partially purified from Archaeoglobus fulgidus (Schmitz et al., 1991). The
enzyme contains either molybdenum or tungsten.

4.3.2. Molybdenum-Containing Formylmethanofuran Dehydrogenases

The enzyme from M. thermoautotrophicum is composed of two different
subunits of apparent molecular mass of 60 kDa and 45 kDa, respectively, and
contains, per mol ¢, 8, dimer, approximately 1 mol molybdenum, 1 mol molyb-
dopterin dinucleotide, and 4 mol non-heme iron and acid-labile sulfur. The pterin
dinucleotide was found to be a mixture of molybdopterin guanine dinucleotide
(Figure 4.2), molybdopterin adenine dinucleotide, and molybdopterin hypoxan-
thine dinucleotide (Borner et al., 1991).

The formylmethanofuran dehydrogenase from M. barkeri is composed of six
different subunits of apparent molecular mass of 65 kDa, 50 kDa, 37 kDa, 34
kDa, 29 kDa, and 17 kDa, and contains per mol hexamer approximately 1 mol
molybdenum, 1 mol molybdopterin guanine dinucleotide (Figure 4.1), 28 mol
non-heme iron, and 28 mol acid-labile sulfur (Karrasch et al., 1989; Karrasch et
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Figure 4.2. (A) Structure of molybdopterin guanine dinucleotide in the oxidized form
(Johnson et al., 1990) and (B) proposed structure of the complex with molybdenum in the
active site of formylmethanofuran dehydrogenase (Fischer and Strihle, 1991).

al., 1990a and b). This enzyme also catalyzes the oxidation of N-furfurylforma-
mide (Breitung et al., 1990), N-methylformamide, formamide, and formate albeit
with much lower catalytic efficiency (V,,./K,,) than the oxidation of formylmetha-
nofuran (Thauer et al., unpublished results).

4.3.3 A Tungsten-Containing Formylmethanofuran Dehydrogenase in
M. wolfei

M. wolfei contains two formylmethanofuran dehydrogenases which can be
separated by anion exchange chromatography. Enzyme I is a molybdenum protein
and is preferentially formed when the growth medium contains molybdenum.
Enzyme II is a tungsten protein, which is only formed when the growth medium
contains tungstate. The molybdenum enzyme is composed of three different
subunits of apparent molecular mass of 63 kDa, 51 kDa, and 31 kDa, and
contains per mol «,8,y, trimer approximately 0.3 mol molybdenum, 0.3 mol
molybdopterin guanine dinucleotide, and 4-6 mol non-heme iron and acid-labile
sulfur. The tungsten enzyme II is also composed of three subunits of apparent
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molecular mass of 64 kDa, 51 kDa, and 35 kDa and contains per mol «,8,y,
trimer 0.4 mol of tungsten, 0.4 mol molybdopterin guanine dinucleotide, and 4—
6 mol non-heme iron and acid-labile sulfur. The molybdenum enzyme and the
tungsten enzyme differ significantly in their catalytic properties. Besides N-
formylmethanofuran the molybdenum enzyme can also use N-furfurylformamide
and formate as substrates, whereas the tungsten enzyme cannot do so (Schmitz
et al., 1992).

4.3.4 Comparison with Xanthine Oxidase

Formylmethanofuran dehydrogenase catalyzes a reaction that is analogous to
that catalyzed by milk xanthine oxidase (Hille and Massey, 1985), which is also
a molybdenum pterin enzyme (Wootton et al., 1991): formylmethanofuran and
xanthine are both formamide derivatives. This is most convincingly demonstrated
by the finding that both xanthine oxidase (Morpeth et al., 1984) and formylmetha-
nofuran dehydrogenase (Thauer et al., unpublished results) can catalyze the
oxidation of formamide. Formylmethanofuran dehydrogenase and xanthine oxi-
dases may therefore be considered to be related enzymes.

4.4 Formyl Group Transfer from Formylmethanofuran to HMPT

Formylmethanofuran:H,MPT formyltransferase catalyzes the formation of N°-
formyl-HMPT from formylmethanofuran and H,MPT (Donnelly and Wolfe,
1986). The formyltransferase can also use N-furfurylformamide as substrate, but
with much lower catalytic efficiency (V,,,/K,,) (Breitung et al., 1990).

ax’

H{ //OH

H
0 H N-R 0 ¢ N-°R
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Reports that in some methanogens N'’-formyl-H,MPT rather than N°-formyl-
H,MPT is formed have turned out to be incorrect (Breitung and Thauer, 1990).
The generation of the N°-isomer is of special interest because in eubacteria and
in eucaryotes N'*-formyltetrahydrofolate is the intermediate, which is formed
from free formate and tetrahydrofolate in an ATP-dependent reaction rather than
in a formyltransferase reaction (Whitehead et al., 1988).

The formyltransferase, which is a soluble enzyme stable in air, has been
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purified from Methanobacterium thermoautotrophicum (Donnelly and Wolfe,
1986), from Methanosarcina barkeri (Breitung and Thauer, 1990), from Metha-
nopyrus kandleri (Brietung et al., 1992), and from Archaeoglobus fulgidus (Klein
etal., 1992). It is a monomer or a tetramer of a polypeptide of apparent molecular
mass 32—41 kDa. The enzyme is devoid of a chromophoric prosthetic group. The
gene encoding the enzyme from M. thermoautotrophicum has been cloned,
sequenced, and expressed in Escherichia coli in an active form (DiMarco et al.,
1990b). The N-terminal amino acid sequences of the enzyme from the three other
organisms have been determined. Interestingly, the first 16 N-terminal amino
acids of the four formyltransferases investigated were found to be identical. This
is amazing since the enzymes exhibit considerably different physical and chemical
properties and are of different phylogenetic origin (Breitung et al., 1992).

The catalytic properties of the four enzymes have been studied in detail. The
kinetic mechanism was determined to be of the ternary complex type (Breitung
et al., 1992). Salts were found to specifically affect the catalytic efficiency (V,,.,/
K,) and thermostability of the enzymes (Breitung et al., 1992).

4.5 Conversion of N*-formyl-HMPT to N°,N'-Methenyl-H,MPT

N°,N'°-Methenyl-H,MPT cyclohydrolase catalyzes the reversible hydrolysis of
N°,N'*-methenyl-H,MPT to N’-formyl-H,MPT (Donnelly et al., 1985):

|
\/OH C—N R

v R S S

N°,N'°-methenyl-H,MPT spontaneously hydrolyzes to N'°-formyl-H,MPT un-
der alkaline conditions. The rate of hydrolysis for reaction 4.8 is enhanced in the
presence of anions (Breitung et al., 1991). This was not realized by those
workers who provided evidence that the N'*-formyl isomer is formed from N°,N'-
methenyl-H,MPT by the cyclohydrolase from Methanosarcina barkeri (te Brom-
melstroet et al., 1990a). It may be of interest to note that the N°,N'*-methenyltetra-
hydrofolate cyclohydrolase from eubacteria and eucaryotes mediates the forma-
tion of the N'>-formyl isomer from N’ N'’-methenyltetrahydrofolate (e.g.,
Ljungdahl and Clark, 1986).

The cyclohydrolase, which is a soluble oxygen insensitive enzyme, has been
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purified from Methanobacterium thermoautotrophicum (DiMarco et al., 1986),
from Methanosarcina barkeri (te Brommelstroet et al., 1990a), from Methano-
pyrus kandleri (Breitung et al., 1991), and from Archaeoglobus fulgidus
(Schworer et al., 1993). It is a monomer or a dimer of a polypeptide with an
apparent molecular mass of 40 kDa and lacks a chromophoric prosthetic group.
A comparison of the N-terminal amino acid sequences revealed a high degree of
homology. The catalytic properties have been analyzed and compared. The
catalytic efficiency and thermostability of the enzymes were found to be specifi-
cally affected by salts (Breitung et al., 1991).

4.6 Reduction of N°, N'*-Methenyl-H,MPT to N°,N'°-Methylene-H,MPT

All Hy/CO,-grown methanogenic microbes analyzed in this respect contain a
coenzyme F,,;-dependent methylene-H,MPT dehydrogenase, which catalyzes the
reversible reduction of N°,N'°-methenyl-H,MPT with reduced coenzyme F,,, to
N° N'°-methylene-H, MPT (Schwérer and Thauer, 1991). Reduction proceeds via
hydride transfer and is probably stereospecific.

H 4.9)

e —N-R H--C—N R
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Together with the coenzyme F,,,-reducing (NiFe) hydrogenase (see Section4.2.1)
the two enzymes mediate the reduction of N° N'°-methenyl-H,MPT with H,:

H, + F., — FooH,, AG® = —11kl/mol (4.10a)

CH=HMPT" + — CH=HMPT + AG® = +5.5 kJ/mol (4.10b)

FooH, Foo + Hy, ’
The two reactions are also catalyzed in one step by the H,-forming methylene-
HMPT dehydrogenase, which is present in most methanogenic bacteria, except
those belonging to the order Methanomicrobiales (see Section 4.1.4):

The coenzyme F,,,-dependent methylene-H,MPT dehydrogenase from Metha-
nobacterium thermoautotrophicum (Mukhopadhyay and Daniels, 1989; te Brom-
melstroet et al., 1991a), from Methanosarcina barkeri (Enssle et al., 1991; te
Brommelstroet et al., 1991b), and from Archaeoglobus fulgidus (Schwérer and
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Thauer, 1993) has been purified and characterized. It is a soluble enzyme stable
in air. The dehydrogenase is a homopolymer of a polypeptide of apparent molecu-
lar mass of 32 kDa. The dehydrogenase lacks a chromophoric prosthetic group,
just as the N°,N'°-methylenetetrahydrofolate dehydrogenase from eubacteria and
eucaryotes (Wohlfarth et al., 1991).

The presence of two enzyme systems mediating the reduction with H, of
methenyl-H,MPT to methylene-H,MPT (reaction 4.2d) in methanogenic bacteria
is not understood. The H,-forming methylene-H,MPT dehydrogenase generally
has a lower apparent affinity for H, but a higher specific activity in cell extracts
than the F,,,-reducing hydrogenase (Thauer et al., unpublished results). This
suggests that the H,-forming dehydrogenase is operative mainly when the H,
partial pressure is high, and the F,,-dependent system when the H, partial pressure
is low.

4.7 Reduction of N°,N"-Methylene-H,MPT to N°-Methyl-H,MPT

A coenzyme F,,,-dependent methylene-H,MPT reductase has been found in
every H,/CO,-grown methanogen investigated in this respect. The enzyme cata-
lyzes the reduction of N°,N'°-methylene-H,MPT to N°-methyl-H,MPT with re-
duced coenzyme F,,, as electron donor. Reduction is via hydride transfer and
probably proceeds stereospecifically.

H

H—-C—N R

4.11
F420Hz+ /k)‘j[f\ = Fy+ )\)‘t[ji\ @1D

Together with the F,,-reducing (NiFe) hydrogenase (see Section 4.2.1) the
enzyme catalyzes the reduction of methylene-H,MPT with H, to N’-methyl-
H,MPT (reaction 4.2¢).

H, + Fip — FuoH,, AG” = —11kV/mol (4.12a)
CH,=H,MPT + F,,;H, » CH,—HMPT + F,,,, AG® = —6.2 kJ/mol (4.12b)

The F,,,-dependent reductase, which is a soluble enzyme relatively stable in air,
has been purified from Methanobacterium thermoautotrophicum strain AH (te
Brommelstroet et al., 1990b) and strain Marburg (Ma and Thauer, 1990a and b),
from Methanosarcina barkeri (Ma and Thauer, 1990c; te Brommelstroet et al.,
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1991b), from Methanopyrus kandleri (Maet al., 1991b), and from Archaeoglobus

fulgidus (Schmitz et al., 1991). The enzyme is a homotetramer or homohexamer
of a polypeptide of apparent molecular mass of 35 kDa. The N-terminal amino
acid sequences of the four purified enzymes show a high degree of similarity.
The enzyme does not contain FAD or FMN and thus differs from the respective
N’ ,N'°-methylenetetrahydrofolate reductase of eubacteria and eucaryotes, which
are flavoproteins (Wobhlfarth et al., 1990).

It has been postulated that the reduction of methylene-H,MPT to methyl-
H,MPT with H, is coupled with energy conservation. This hypothesis was aban-
doned after it became clear that the methylene-H,MPT reductase is a completely
soluble homomeric enzyme without a prosthetic group. Also, at physiological H,
partial pressures (pH, = 1 Pa — 10 Pa) the free energy change associated with
partial reaction 5 is too small to drive the phosphorylation of ADP.

4.8 Methyltransfer from N°-Methyl-HMPT to Coenzyme M

Until recently, the formation of methyl-coenzyme M from N’-methyl-H,MPT
and coenzyme M has only been studied in cell extracts (Sauer, 1986; Sauer et
al., 1986; van der Wyngaard etal., 1991). The reaction was found to be dependent
on ATP and on strong reducing conditions. In the absence of coenzyme M a
methylated corrinoid accumulated which was demethylated upon the addition of
coenzyme H (Poirot et al., 1987; Kengen et al., 1988, 1990, 1992). The corrinoid
was identified as 5-hydroxybenzimidazolyl cobamide (Pol et al., 1982; Kriutler
etal., 1987) (Figure 4.3). From these studies it was postulated that methyltransfer
from methyl-H,MPT to coenzyme M proceeds in two steps: in the first step the
methyl group of CH,-H,MPT is transferred to a corrinoid protein in the reduced
form [Co(I)]; and in the second step this methyl group is further transferred to
coenzyme M:

CH,—H,MPT + [Co(I)] — CH,—[Co(Ill)] + HLMPT  (4.13a)
CH,—[Co(III)] + H-S-CoM — CH,-S-CoM + [Co(I)] (4.13b)

The requirement for reducing conditions and ATP for activity was explained by
assuming that in the presence of traces of O, the corrinoid protein is oxidized to
the Co(II) form, which can be reduced back to the Co(I) form in an ATP dependent
reaction (Fischer et al., 1992). The role of ATP is not yet understood.

[Co(D] + O, — [Co(ID] + O,” (4.14a)
[CoD] + & — [Co(D)] (4.14b)
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Recently, fractionation studies revealed that for methyltransfer from methyl-
H,MPT to coenzyme M only the membrane fraction is required and that the
polypeptides involved are integral membrane proteins (Fischer et al., 1992). An
enzyme complex catalyzing the overall reaction was isolated from the membrane
fraction of Methanobacterium thermoautotrophicum (strain Marburg) (Gértner et
al., 1992). It is composed of seven different subunits of apparent molecular mass
of 12.5kDa, 13.5kDa, 21 kDa, 23 kDa, 24 kDa, 28 kDa, and 34 kDa. The 23 kDa
polypeptide is probably the corrinoid-binding polypeptide (G. Fuchs, personal
communication). The complex (156,000 kDa) contains per mol 1.6 mol 5-
hydroxybenzimidazolyl cobamide (Fig. 4.3), 8 mol non-heme iron, and 8 mol
acid-labile sulfur.

Recently Kengen et al. (1992) described the purification of the methyltransfer-
ase from M. thermoautotrophicum strain AH. The 100 kDa protein is composed
of three subunits of apparent molecular mass 35 kDa, 33 kDa, and 31 kDa, and
contains 0.2 mol 5-hydroxybenzimidazolyl cobamide.

Immunological evidence exists (Stupperich et al., 1990) that the methyltrans-
ferase could be identical with the membrane-associated corrinoid protein first
described by Schulz and Fuchs (1986) (see also Dangel et al., 1987; Schulz et
al., 1988).

The free energy change associated with the methyltransfer reaction is assumed
to be identical to that of methionine synthesis from CH,-tetrahydrofolate and
homocysteine, which is —29.7 kJ/mol (Riidiger and Jaenecke, 1969). Based on
indirect evidence it has been postulated that the free energy change associated
with methyl-coenzyme M formation from methyl-H,MPT is conserved via a
chemiosmotic mechanism (see chapter 8). The finding that the methyl-
H,MPT:coenzyme M methyltransferase is an integral membrane protein complex
supports this proposal. Recently preliminary experiments have been published
indicating that inverted membrane vesicles of Methanosarcina barkeri strain
Go1 catalyze the formation of methyl-coenzyme M from methyl-H,MPT and
coenzyme M. Evidence was obtained that the reaction was coupled with an
electrogenic transport of sodium ions (Becher et al., 1992). Thus the methyltrans-
ferase appears to be a site of energy conservation (see chapter 8).

4.9 Methyl-Coenzyme M Reduction to Methane

The reduction of CO, with H, to methyl-coenzyme M proceeds through steps
for which analogous reactions in non-methanogenic bacteria are known. In con-
trast, the reduction of methyl-coenzyme M to methane is a reaction unique to
methanogenic microbes. The reaction involves three novel coenzymes (H-S-
CoM, H-S-HTP, and coenzyme F,;;) and four enzyme complexes. Methyl-coen-
zyme M reductase and heterodisulfide reductase are discussed in greater detail.
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Figure 4.3. Structure of 5-hydroxybenzimidazolyl cobamide, the corrinoid found in metha-
nogenic bacteria (Pol et al., 1982; Kréutler et al., 1987).
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4.9.1 Four Enzyme Complexes Involved in Methyl-Coenzyme M Reduction
with H, to CH,

The last step in methanogenesis, the reduction of methyl coenzyme M to
methane with H, (reaction 4.2g), involves four enzymes or enzyme complexes
which catalyze the following reactions.

CH,-S-CoM + — CH, + CoM-S-S-HTP AG”==45 Kljmol o
H-S-HTP 10
H, + 2X —2X™ + 2H' (4.15b)
IX~ +2Z  —2X + 27" AG®” =—40 kJ/mol  (4.15¢)
27" + 2H' + — H-S-CoM + H-S-HTP + 2Z “.150)
CoM-S-S-HTP :

CoM-S-S-HTP is the heterodisulfide of coenzyme M (H-S-CoM) and N-7-mer-
captoheptanoyl-O-phospho-L-threonine (H-S-HTP). X is the still unknown elec-
tron acceptor of the coenzyme F,,-non-reducing (NiFe) hydrogenase. Its redox
potential has been proposed to be near —300 mV (see section 4.2.2). Z is the
still unknown electron donor of the heterodisulfide reductase. Its redox potential,
E°’, must be near —200 mV since E°’ of the CoM-S-S-HTP/H-S-CoM + H-S-
HTP couple is —210 mV (Hedderich and Thauer, 1988). The reduction of Z
(—200mV) by X~ (—300 mV) is thus an exergonic reaction. Evidence is available
that the reduction of CoM-S-S-HTP with H, is coupled with ADP phosphorylation
via a chemiosmotic mechanism (Peinemann et al., 1989 and 1990; Deppenmeier
et al., 1991). The electron transport chain between X and Z appears to be the
most probable site of energy conservation (see chapter 8).

The properties of the coenzyme F,,, non-reducing hydrogenase, which cata-
lyzes reaction 4.15b, have been described (see Section 4.2.2). The proposed
reduced X:oxidized Z oxidoreductase complex, which catalyzes reaction 4.15c,
has not yet been identified because of the lack of knowledge of the chemical
nature of X and Z. Because the mechanism of electron transport phosphorylation
involves vectorial reactions it has been postulated that this enzyme complex is an
integral part of the cytoplasmic membrane. The methyl-coenzyme M reductase
and the heterodisulfide reductase, which catalyze reactions 4.15a and 4.15d,
respectively, have been purified and characterized.

4.9.2 Methyl-Coenzyme M Reductase
(a) ReacTION CATALYZED BY METHYL-COENZYME M REDUCTASE

Until recently it was believed that methyl-coenzyme M reductase catalyzes
the reduction of methyl-coenzyme M to methane and free coenzyme M. The
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physiological electron donor was not known. The role of H-S-HTP, which was
absolutely required for enzyme activity, was unclear (Ankel-Fuchs et al., 1987).
In 1987 R. Wolfe and coworkers provided evidence that in cell extracts of
Methanobacterium thermoautotrophicum H-S-HTP was converted to CoM-S-S-
HTP when it was added to methyl-coenzyzme M in substrate amounts (Bobik et
al., 1987). Ellermann et al. (1998) showed that purified methyl-coenzyme M
reductase catalyzes the reduction of methyl-coenzyme M with H-S-HTP to meth-
ane and CoM-S-S-HTP in a 1:1:1:1 stoichiometry (reaction 4.15a).

(b) SUBSTRATE SPECIFICITY AND INHIBITORS

The methyl-coenzyme M reductase is highly specific for both methyl-coenzyme
M and H-S-HTP. From the methyl-coenzyme M analogues tested only ethyl-
coenzyme M, selenomethyl-coenzyme M, monofluoromethyl-coenzyme M, and
difluoromethyl-coenzyme M are slowly reduced (Wackett et al., 1987), N-6-
Mercaptohexanoyl-O-phospho-L-threonine and N-8-mercaptooctanoyl-O-phos-
pho-L-threonine cannot substitute for H-S-HTP as electron donor; rather, both
compounds act as inhibitors (Ellermann et al., 1988; see also Olson et al., 1992).
Dephospho-H-S-HTP is neither active nor inhibitory (unpublished results). The
same is true for H-S-HTP synthesized from D-threonine phosphate (Kobelt et al.,
1987). Methyl-coenzyme M reductase is effectively inhibited by 2-bromoethane-
sulfonate (K, = 4 uM), 2-azidoethane sulfonate (K, = 1uM), and by 3-bromopro-
panesulfonate (K, = 50 nM) (Ellermann et al., 1989).

(c) Is H-S-HTP THE NATURALLY OCCURRING COENZYME?

Despite the fact that H-S-HTP is a highly specific and effective electron
donor for methyl-coenzyme M reduction, evidence became available that the
physiological electron donor of methyl-coenzyme M reductase could possibly be
a larger molecule, which contains H-S-HTP covalently bound through a mixed
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anhydride linkage to a sugar moiety (Sauer et al., 1987; Sauer et al., 1990). This
compound, the structure of which is depicted in Figure 4.4, has been isolated
from M. thermoautotrophicum and has been shown to substitute for H-S-HTP in
the methyl-coenzyme M reductase assay. However, it was not significantly more
active than H-S-HTP. The specific activity of the cell extracts tested were very
low. Because the rate limiting step in the assay used is not known, it is difficult
to interpret the results. Therefore, final evidence awaits the determination of the
activity with purified active enzyme and the demonstration that the compound is
not hydrolyzed to H-S-HTP under the assay conditions by showing the formation
of the respective heterodisulfide.

(d) LocaLizaTioN wiTHIN THE CELL

Upon cell breakage the majority of methyl-coenzyme M reductase is recovered
in the soluble cell fraction. Immunogold labeling studies revealed that in intact
cells the enzyme is preferentially localized at the inner aspect of the cytoplasmic
membrane, although this is not evident in all preparations (Ossmer et al., 1986;
Aldrich et al., 1987). In Methanosarcina barkeri (strain G61) the methyl-coen-
zyme M r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>