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The microbial conversion of
complex organic matter to
methane and carbon dioxide
occurs in natural oxygen-free
{anaerobic) habitats such as the
rumen, the lower gastro-intestinal
tract, and freshwater and marine
sediments. This process requires a
consortium of interacting
organisms with an energy
metabolism that is inefficient;
therefore, relatively few microbial
cells are produced and
approximately 90% of the biomass
energy is recovered in the easily
purified product, methane. This
process is employed for the
controlled conversion of
renewable biomass and waste
materials into methane, a clean
burning and easily transported
fuel.

ORGANISMS

The conversion of complex organic
matter to methane requires an
anaerobic microbial food chain
(consortium) comprised of
organisms from at least three
metabolic groups [ These
metabolic groups are
distinguished by the substrates
and products of their energy
metabolism. Figure 1 shows how
each group functions within the
food chain.

The fermentative (Group I) bacteria
degrade polymers to carbon
dioxide, hydrogen (H,), and fatty
acids. This is referred to as the
acid-forming stage. The
methanogenic (Group |ll) bacteria
utilize only acetic and formic acids
and hydrogen as substrates.
Acetate is the major substrate for

MICROBIOLOGICAL PRINCIPLES OF
METHANE FORMATION FROM BIOMASS

James G. Ferry
Department of Anaerobic Microbiology
Virginia Polytechnic Institute
and State University
Blacksburg, Virginia 24061

derived from the reduction of
carbon dioxide by hydrogen or
formic acid. The acetogenic (Group
1) bacteria are required to further
metabolize the higher fatty acids to
acetic acid and hydrogen gas
which completes the food chain.
The fermentative bacteria
occasionally produce minor
amounts of alcohols which are
also converted to acetate and
hydrogen by the Group |l
organisms.

The Fermentative Bacteria

(Group 1)

The fermentative bacteria produce
extracellular enzymes that
hydrolyze polysaccharides,
proteins, lipids and other plant
polymers to smaller oligomers and
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monomers that are transported
into the cell and fermented @. In
most fermentatives,
polysaccharides are converted to
glucose which is oxidized to two
molecules of pyruvate; this
pathway is common to most
bacteria that ferment sugars but
the diversity of reactions that
follow determines the
fermentation pattern for a variety
of organisms.

The electrons derived from the
oxidation of glucose are consumed
in the further metabolism of
pyruvate, or the reduction of
protons to hydrogen. The
metabolism of pyruvate proceeds
in one of the three major pathways
depending on the organism: (i) the
reduction of pyruvate results in the
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the methanogenic bacteria which
accounts for approximately 70% of
the total methane produced. The
remaining 30% of the methane is

Figure 1. A simplified representation for the anaerobic conversion of
complex organic matter to methane and carbon dioxide showing the
pathways and the major metabolic groups of bacteria. Anaerobic
metabolism functions only in the absence of oxygen.
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formation of lactate, (ii) the
carboxylation of pyruvate to form
oxaloacetic acid is followed by
reduction to succinate which is
decarboxylated to form
propionate, and (iii) pyruvate is
decarboxylated and then oxidized
to acetyl CoA and either formate or
hydrogen and carbon dioxide
depending on the organism. Acetyl
CoA may be further metabolized to
acetate, reduced to ethanol, or
condensed and reduced to higher
volatile fatty acids and alcohols.
Examples of genera and their
major fermentation products
include: Lactobacillus (lactate),
Clostridium (butyrate, acetate,
hydrogen) and Bacteriodes
(propionate, acetate, formate).

For many fermentatives, the
production of hydrogen s
unfavorable unless it is maintained
at a low concentration by the
hydrogen-utilizing methanogenic
bacteria. In pure culture, hydrogen-
producing fermentatives
accumulate hydrogen to an
inhibitofy concentration and
electrons are diverted away from
the reduction of protons which
results in the formation of more
reduced products from the
metabolism of pyruvate. For
example, Ruminococcus albus
produces ethanol but the
fermentation shifts to the
production of hydrogen and the
more oxidized product acetate
when cocultured with a hydrogen-

utilizing methanogen . This
principle, termed ‘“‘interspecies
hydrogen transfer’”, is also

important to the metabolism of the
hydrogen-producing acetogenic
organisms.

The Hydrogen-Producing
Acetogenic Bacteria (Group Il)
These organisms oxidize higher
fatty acids to acetate and
hydrogen. They are also referred to
as ‘‘obligate proton reducers”
since the only mechanism for
disposal of electrons is by the
reduction of protons to hydrogen.
Like the fermentatives, the
production of hydrogen is

energetically unfavorable (Table 1)
unless it is maintained at a low
concentration by the hydrogen-
oxidizing methanogenic bacteria.
This interspecies hydrogen
transfer is critical for the oxidation
of higher fatty acids since no other
options exist for the disposal of
electrons. Syntrophomonas wolfei
oxidizes butyrate and higher
volatile fatty acids.
Syntrophobacter wolinii oxidizes
propionate. Both organisms were
isolated in coculture with a
hydrogen-oxidizing organism.
Furthermore, growth and oxidation
of fatty acids by both organisms
occur only in coculture with a
hydrogen-using organism such as
the methanogenic bacteria.
TABLE 1. REACTIONS CATALIZED BY

ACETOGENIC ORGANISMS FOR THE OXIDATION
OF BUTYRATE AND PROPIONATE

Reaction AGO'
CH3CH,CH,COO™ + 2H,0 —~ +48.1 kJ
2CH3C00" + H* + 2H,
CH3CH,COO™ + 3H,0 — +76.1 kJ

CH3CO0™ +HCO3™ + H* +3H,

The Methanogenic Bacteria |
{Group IlI)

The methanogenic bacteria [

provide two important functions in

methanogenic microbial consortia:

B they remove acetic acid which
otherwise would accumulate,
lowering the pH and slowing
the initial degradation of
biomass by the fermentative
organisms (i.e., a ‘‘sour
digestor”)

B they maintain a low
conentration of hydrogen which
is necessary for the conversion
of higher volatile acids to
acetate.

Examples of methanogenic
organisms that utilize hydrogen in
digestors include Methano-
bacterium, Methanospirillum and
Methanobrevibacter species. The
concentration of hydrogen in
methanogenic fermentations is
well below the half-saturation
constant for its uptake (4:6 uM) for
pure cultures of hydrogen-utilizing

methanogenic bacteria ® whizch
indicates a large capacity for these
organisms to rapidly utilize
hydrogen and which is necessary
for an efficient interspecies
hydrogen transfer. Most of the
methane produced from comptex
biomass is derived from acetate,
as follows:

CH,CO,H — CH, + CO,

The methyl carbon is converted to
methane and the carboxyl carbon
to carbon dioxide. The
predominant acetate utilizing
organisms present in digestors are
in the genus Methanothrix. Growth
of these organisms is slower than
the hydrogen utilizing
methanogenic organisms. Thus,
acetate conversion to methane is a
rate-limiting step in the
biomethanation of biomass.

Recent developments place the
methanogenic bacteria in a
separate group only distantly
related to other life forms. The 16s
ribosomal RNA is common to all

living organisms and the
nucleotide sequence is little
changed during evolution; thus,

the sequence is an excellent
indicator of relatedness among
organisms. Primarily based on
their 16s RNA sequences, the
methanogenic bacteria have been
placed in a group, the
archaeobacteria, which is separate
from all other life forms 0. This
distinction is further supported by
the unique structures of major cell
components such as cell walls and
membrane lipids. The large
diversity among the methanogenic
bacteria suggests that the
divergence of these organisms
from other life forms occurred very
early in evolution.

PRACTICAL ASPECTS
Composition of biomass
The chemical composition of the
biomass determines the
digestibility and yield of methane.
The amount can be predicted from
the chemical analysis of the






