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Chapter 8 
Syntrophic Degradation of Fatty Acids 
by Methanogenic Communities 

Alfons J.M. Starns, Petra Worm, Diana Z. Sousa, M. Madalena Alves, 
and Caroline M. Plugge 

Abstract In methanogenic environments degradation of fatty acids is a key process 
in the conversion of organic matter to methane and carbon dioxide. For degradation 
of fatty acids with three or more carbon atoms syntrophic communities are required. 
This chapter describes the general features of syntrophic degradation in methano­
genic environments and the properties of the microorganisms involved. Syntrophic 
fatty acid-degrading communities grow at the minimum of what is thermodynami­
cally possible and they employ biochemical mechanisms to share the minimum 
amount of chemical energy that is available. Aggregation of the syntrophic fatty 
acid-degrading communities is required for high rate conversion. 
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8.1 Introduction 

Methanogenesis under controlled conditions in bioreactors is a sustainable way to 
conserve chemical energy in organic waste component as biogas. Methanogenesis 
is a microbial process in which metabolic interactions between different physiologi­
cal types of microorganisms play a crucial role. Methanogens are rather restricted in 
their physiological abilities. These microorganisms belong to the archaea and denve 
energy from the conversion of a few simple substrates, which include H/C02, for­
mate, methanol, methylated amines, and acetate (Liu and Whitmann 2008; Thauer 
et al. 2008). More complex substrates are not used by methanogens. Consequently, 
other microorganisms are required to degrade complex organic molecules to com­
pounds that are substrates for methanogens (Schink and Starns 2006; !"''clnemey 
et al. 2008). This results in a food chain as depicted in Fig. 8.1. Polymers m complex 
organic matter are first hydrolyzed by extracellular enzymes. Polysaccharides yi~ld 
monomeric and oligomeric C6 and C5 sugars, while proteins are converted to rrux­
tures of amino acids and small peptides. RNA and DNA are transformed to C5 
sugars and nucleic bases purines (adenine and guanine) and pyrimidines (cytosine, 
thymine, and uracil). Lipids are degraded to glycerol and long-chain fatty acids. The 
general pattern of further anaerobic mineralization of organic matter is that fermen­
tative bacteria degrade easily degradable compounds like sugars, amino acids, 
purines, pyrimidines, and glycerol to a variety of fatty acids, carbon dioxide, fo~­
mate, and hydrogen. Then, higher fatty acids are degraded by so called acetogeruc 
bacteria, finally to the methanogenic substrates. All these processes, fermentation, 

Fig. 8.1 Schematic 
representation of 
methanogenic degradation 
of complex organic matter 
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acetogenesis, and methanogenesis, take place simultaneously, but often, because of 
differences in growth rates and specific activities of the microorganisms involved, 
the processes are partially uncoupled, resulting in the accumulation of especially 
fatty acids. For complete mineralization of complex organic matter, acetogenic bac­
teria that degrade fatty acids play a crucial role. This chapter addresses the physio­
logical properties of acetogenic bacteria that degrade propionate, butyrate, and 
higher fatty acids. Propionate and butyrate are important intermediates in the anaer­
obic fermentation of sugars and amino acids (Schink and Starns 2006; Starns 1994 ), 
while long-chain fatty acids are formed in the hydrolysis of lipids and fats (Mcinerney 
1988; Sousa et al. 2009). To optimize methanogenesis in bioreactors especially the 
metabolic interactions of syntrophic communities need to be understood. 

8.2 General Features of Syntrophic Fatty Acid Conversion 

Bacteria that degrade and grow on fatty acids have to deal with the unfavorable 
energetics of the conversion processes. Table 8.1 illustrates the conversion of some 
fatty acids to the methanogenic substrates acetate and hydrogen. It is evident that 
bacteria can only derive energy for growth from these conversions when the product 
concentrations are kept low. This results in an obligate dependence of acetogenic 

Table 8.1 Standard Gibbs free energy changes for some of the reactions involved in syntrophic 
fatty acid degradation metabolism 

Fatty acid oxidation 
Propionate- + 3H20 ~acetate- + HCO,- + H' + 3H2 

Butyrate- + 2H20 ~ 2acetate- + H' + 2H2 

Caproate- +4H20 ~ 3acetate- + 14H2 +2H' 
Palmitate- + 14H

2
0 ~ 8acetate- + 14H

2 
+ 7H' 

Stearate- + 16H20 ~ 9acetate- + 16H2 +8H' 
Oleate- + 16H20 ~ 9acetate- +ISH, +8H' 

Hydrogen utilization by methanogens, homoacetogens, and sulfate reducers 
4H2 +HCo,- +H' ~ CH, +3H20 
4H2 +2HCO,- +H' ~acetate- +4H

2
0 

4H
2 

+SO/ - + H' ~ HS- + 4H
2
0 

Acetate utilization by methanogens and sulfate reducers 
Acetate- +H20 ~ HCO,- +CH, 
Acetate- +so;- +2H, O ~ Hs- +2HCo,­

lntracellular redox conversions 
2Fd1, .. 1 + 2H' ~ 2Fd1.,1 + H, 

NADH+W ~ NAD' +H, 
FADI-12 ~ FAD+H, 

/1,0" (kl) 

76 
48 
96 

353 
404 
338 

136 
105 
!52 

31 
47 

3 
18 
37 

Standard Gibbs energies of formation of obtained from Thauer et al. ( 1977); for palmitate, stearate, 
and oleate standard Gibbs energies of formation were calculated from the structures of the com­
pounds using a group contribution method described by Mavrovouniotis (1991 ) 
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bacteria on methanogenic archaea for product removal. As the methanogens obtain 
their substrates for growth from the acetogens, syntrophic communities are enriched 
with propionate, butyrate, and higher fatty acids. 

Obligate syntrophic communities of acetogenic bacteria and methanogenic 
archaea have several unique features: (1) they degrade fatty acids coupled to growth, 
while neither the archaean nor the bacterium alone is able to degrade these com­
pounds; (2) intermicrobial distances influence biodegradation rates and specific 
growth rates, which in nature results in the self-aggregation of bacteria and archaea 
to compact aggregates; (3) the syntrophic communities grow in conditions that are 
close to thermodynamical equilibrium; and (4) the communities have evolved bio­
chemical mechanisms that allow sharing of chemical energy. There still is discus­
sion whether hydrogen and formate are the primary compounds for interspecies 
electron transfer, and it is still unclear what their relative importance is. Here, mainly 
syntrophy in terms of interspecies hydrogen transfer is discussed, but where relevant 
interspecies formate transfer will be discussed as well. 

In syntrophic fatty acid-degrading communities, hydrogen has to diffuse from the 
acetogen to the methanogen. Therefore, the specific flux of hydrogen can be derived 
from the Fick's diffusion law (8.1) (Ishii et al. 2006; Schink and Thauer 1988). 

J = DH, X {[H2 Ltogen - [H2 L ethonoacn }1 day. (8.1) 

J: specific interspecies hydrogen flux (JlmOl!Jlm2/s). 
DH2: diffusion constant for hydrogen (4.9 X w-s m2/s at 298 K). 
[H2]••••oac": hydrogen concentration at the outside surface of the acetogen 
(Jlmol/Jlm3). 
[H

2
].,. ,

11
,
001

. ,.: hydrogen concentration at the outside surface of the methanogen 
cell (Jlmol/Jlm3). 
D: average distance between the acetogen and the methanogen (Jlm). 

The flux of hydrogen between the two species can be calculated by multiplying 
the 1 value by the total surface area of hydrogen-releasing ace to gens. 

The total hydrogen flux is directly dependent on the surface area of the acetogen, 
the diffusion constant of hydrogen, the concentration difference of hydrogen 
between tl1e acetogens and the methanogens, and the distance between the two 
microorganisms The maximum difference in concentration between the acetogens 
and the methanogens is determined by the thermodynamical borders of the conver­
sions carried out by these microorganisms. These thermodynamical borders refer to 
nongrowing conditions; if the microorganisms have to conserve metabolic energy 
for growth, the difference in concentration is smaller. The highest concentration that 
can be formed by the acetogen and the lowest concentration that can be reached by 
the methanogen can be calculated from data in Table 8.1, provided that the concen­
trations of other compounds are known. 

Such calculations were made for the degradation of a number of compounds in 
different anoxic environments (Conrad et al. 1986). Cord-Ruwisch et al. (1988) 
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showed that the measured threshold values for hydrogen of the different types of 
hydrogen-utilizing microorganisms correlated with the values expected from the 
6.G0

'S . The threshold value for hydrogen of growing methanogens and sulfate 
reducers are 3- 10 and 1-2 Pa, respectively. These differences explain why the 
growth rate of acetogenic bacteria depends on the type of hydrogenotrophic 
microorganism. The maximum specific growth rates of propionate- and butyrate­
degrading acetogenic bacteria in coculture with methanogens were 0.10, and 0.19/ 
day, respectively, while in coculture with sulfate reducers these values were 0.19 
and 0.31/day, respectively (Boone and Bryant 1980; Mcinerney et al. 1979; 
Mountfort and Bryant 1982). 

The diffusion distance between the acetogens and methanogens is determined by 
the biomass density. Clustering of cells will lead to increased fluxes (Schink and 
Thauer 1988). Assuming that bacteria have a diameter of 2 Jlm, it can be calculated 
that in cultures containing 108, 109, 1010, and 10 11 cells/ml the average intermicrobial 
distances are about 25, 10, 4, and 0.5 Jlffi, respectively. Therefore, in syntrophic 
conversion the activity per cell, and consequently the specific growth rate, will 
increase with decreasing intermicrobial distances. This effect may explain the 
apparent long lag-phases often observed during subcultivation of syntrophic cul­
tures. In methanogenic granular sludge the cell densities are extremely high: up to 
1012 CFU/ml wet sludge (Grotenhuis et al. 1991; Dolfing et al. 1985). Such high cell 
densities are favorable for interspecies hydrogen transfer, resulting in very high 
methanogenic activities with fatty acids as substrates. In propionate-adapted metha­
nogenic granules, microbial structures were observed in which the distances between 
propionate-oxidizing bacteria and methanogens were in the micrometer range 
(Grotenhuis et al. 1991 ). Disrupture of the structure led to a reduction of the propi­
onate degradation rate by 90%, while the acetate degradation rate by methanogens 
was largely unaffected. Moreover, shortening of intermicrobial distances by the cre­
ation of artificial precipitates (Starns eta!. 1992) or by the addition of extra metha­
nogens (Dwyer et al. 1988; Schmidt and Ahring 1993) led to increased methane 
formation rates with propionate and butyrate. 

Using the van't Hoff equation, Gibbs free energy changes at different tempera­
tures can be calculated. l'lG and Ml values have been listed by Thauer et a!. ( 1977) 
and Chang (1977), respectively. A change in temperature has an effect on the reac­
tion-dependent part and on the concentration-dependent part of the D.G' values. 
Calculations of l'lG' values at different temperatures show that hydrogen formation 
becomes energetically more favorable at higher temperatures, whereas hydrogen­
consuming reactions become less favorable. Consequently, lower hydrogen partial 
pressures can be reached by the methanogens at lower temperatures. The opposite 
is true for the highest hydrogen concentrations that can be formed by the acetogens. 
These calculations fit with the lowest and highest hydrogen partial pressures which 
have been measured with mesophilic and thermophilic methanogens and acetogens. 
An increase in temperature affects the flux of hydrogen in two ways : the diffusion 
coefficient becomes higher and the concentration gradient between the methanogen 
and the acetogen becomes steeper. 
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8.3 Syntrophic Propionate-Degrading Bacteria 

Boone and Bryant (1980) described Syntrophobacter wolinii a bacterium that grows 
in syntrophic association with methanogens or sulfate-reducing bacteria. Since 
then, several other mesophilic and thermophilic bacteria that grow in syntrophy 
with methanogens have been described (Table 8.2). These include Gram-negative 
bacteria(SyntrophobacterandSmithella)andGram-positivebacteria(Pelotomaculum 
and Desulfotomaculum) (Mcinerney eta!. 2008). Phylogenetically, both groups are 
related to sulfate-reducing bacteria and some indeed grow by sulfate reduction 
(Table 8.2). Syntrophobacter and Desulfotomaculum species are able to reduce sul­
fate, but Smithella and Pelotomaculum are not. Most syntrophic propionate-degrading 
bacteria are able to grow in pure culture by fermentation of fumarate or pyruvate. 
Fermentative growth or sulfate-dependent growth has been used to successfully 
obtain the bacteria in pure culture. The only exceptions are Pelotomaculum schinkii 
(de Bok et al. 2005) and Pelotomaculum propionicicum (Imachi eta!. 2007), which 
seem to be true propionate-degrading syntrophs. Pure cultures of these strains are 
not available: P. thermopropionicum and Desulfotomaculum thermobenzoicum 
(subsp. thermopropionicum) are moderately thermophilic and grow in syntrophy 
with thermophilic methanogens (Imachi et a!. 2002; Plugge et a!. 2002). A marine 
propionate-degrading syntrophic community has been described, but the identity of 
the propionate-degrading bacterium is not known (Kendall et a!. 2006). 

Two pathways for propionate metabolism are known, the methylmalonyi-CoA 
pathway (Fig. 8.2b) and a dismutation pathway. In the latter pathway two propi­
onate molecules are converted to acetate and butyrate, the butyrate being degraded 
to acetate and hydrogen as described below. Thus far, this pathway is only found in 
Smithella propionica (Liu eta!. 1999; de Bok et al. 2001). The methylmalonyl-CoA 
pathway is found in the other syntrophic propionate-oxidizing bacteria (Mcinerney 
et al. 2008). In the methylmalonyl-CoA pathway, propionate is first activated to 
propionyl-CoA and then carboxylated to methylmalonyi-CoA. Methylmalonyi­
CoA is rearranged to form succinyl-CoA, which is converted to succinate. Succinate 
is oxidized to fumarate, which is then hydrated to malate and oxidized to cixaloac­
etate. Pyruvate is formed by decarboxylation, and is further oxidized in a HS-CoA­
dependent decarboxylation to acetyl-CoA and finally to acetate. 

8.4 Syntrophic Butyrate- and LCFA-Degrading Bacteria 

Mcinerney et al. ( 1981) enriched and characterized Syntrophomonas wolfei, a bac­
terium that degrades butyrate and some other short-chain fatty acids in syntrophic 
association with methanogens. Several other bacteria since then have been described 
that grow with butyrate or higher fatty acids in syntrophy with hydrogenotrophic 
methanogens or sulfate reducers (Table 8.3). Thus far, Algorimarina butyrica is the 
only psychrophilic bacterium that is known to degrade butyrate in syntrophy with 
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Fig. 8.2 Pathways of propionate (a) and butyrate (b) degradation by acetogenic bacteria growing 
in syntrophic association with methanogens. ATI' production by substrate-level phosphorylation 

methanogens (Kendall et aL 2006). Tllis marine bacterium is not able to grow on 
medium-chain fatty acids like valerate or caproate or longer fatty acids such as 
palnlitate. Mesophilic bacteria capable of syntropllic fatty acid metabolism are 
mainly species of Syntrophomonas, though Syntrophomonas bryantii was previ­
ously named Syntrophospora bryantii and Clostridium bryantii (Mcinerney et aL 
2008; Sousa et aL 2009; Wu et a!. 2006a). The only exception is Syntrophus acid­
itrophicus, a syntrophic benzoate-degrading bacteria that it is also able to degrade 
medium- and long-chain fatty acids in coculture with a methanogen (Jackson et aL 
1999). Thermophilic syntrophic butyrate-degrading bacteria are Thermosyntropha 
lipolytica (Svetlitshnyi et aL 1996) and Syntrophothermus lipocalidus (Sekiguchi 
et aL 2000). None of the fatty acid-degrading bacteria that grow syntrophically with 

0:10 ·~1Bf.<Jdc;) 

o =9~ ';laoJdo:) 

o:J;r:J ';1Wmo 

" " z z 

" " z z 

" Z I 

" Z I 

" Z I 

" Z I 

" z + 

" z + 

I + 

+ + 
;}CUOl<UJ 1 + 

" Z I 

" Z + I 

~ + I 

" Z + I 

I + I 

I + I 

I + I 

+ + + + 

+ + + + 

+ + + + 

:;; 
~ q 00) &' 
t:. t:. t. c 
.., .... 00 "": 

~ ~ ~ ~ 
~ ~ ~ 

+ I I + 

+ + + + 

~ ~ ' 
~ 0 ~ 
~ ~ ~ J 

rt ..,j 

" I + Z " tl Z I + 

" I + Z " + Z I + 

+ + + + + I + 

+ + + + + I + 

" + + + + Z I + 

+ + + " + Z I + 

+ + + " + z + + 

+ + + + + + + 

+ + + + + + + 

+ + + + + + + + 
+ + I + 

I I 

I + + 



136 A.J.M. Starns et al. 

methanogens has been described to be able to reduce sulfate. Most fatty acid degraders 
are able to ferment crotonate, which was used to obtain pure cultures. However, 
Synthrophomonas sapovorans and Syntrophomonas zehnderi are not able to ferment 
crotonate, and are only available in syntrophic methanogenic cocultures (Roy et al. 
1986; Sousa et al. 2007). 

Butyrate and longer chain fatty acids are degraded via so-called ~-oxidation 
(Mcinerney et al. 2008; Schink and Starns 2006). In a series of reactions acetyl 
groups are cleaved off yielding acetate and hydrogen. To metabolize fatty acids, 
first activation to a HS-CoA derivative takes place. The HS-CoA-derivative is then 
dehydrogenated to form an enoyl-CoA. After water addition, a second dehydroge­
nation takes place to form a ketoacylacetyl-CoA. After hydrolysis acetyl-CoA and 
an acyl-CoA are formed, which enters another cycle of dehydrogenation and the 
cleaving off of acetyi-CoA. Figure 8.2b shows the pathway of syntrophic butyrate 
degradation. 

8.5 Energetics of Syntrophic Degradation 

Based on the energy released by the hydrolysis of ATP and the concentrations of 
adenylate molecules in growing bacteria, it is estimated that a free energy change of 
-60 to -70 lcJ is required for the synthesis of 1 mol of ATP under physiological 
conditions. This amount of energy does not need to be supplied in one single step, 
as is the case in substrate-level phosphorylation, but can be accomplished in smaller 
amounts, for example, by proton or sodium translocation across the cytoplasmic 
membrane. If a ratio of three protons translocated per ATP is assumed, about 20 lcJ 
energy difference is the smallest energy quantum that may allow energy conserva­
tion and growth. It can be calculated that under in situ conditions about 20 lcJ energy 
difference (the equivalent of 1/3 ATP) is available for bacteria that grow syntrophi­
cally on propionate or butyrate. Following the pathway of propionate and butyrate 
degradation (Fig. 8.2a, b), seemingly one ATP can be formed from the conversion 
of the energy rich HS-CoA esters. However, syntrophic bacteria encounter an ener­
getic barrier in the formation of hydrogen from intracellular redox mediators. In the 
propionate oxidation pathway three oxidation steps are involved, succinate oxida­
tion to fumarate, malate oxidation to oxaloacetate and pyruvate oxidation to acetyl­
CoA. In these oxidation steps electrons are released at the energetic level ofFADH

2
, 

NADH, and reduced ferredoxin, respectively, and need to be coupled to hydrogen 
format ion (Table 8.1). Similarly, in butyrate oxidation electrons are released at the 
energetic level of FADH

2 
and NADH, in the oxidation of butyryl-CoA to crotonyl­

CoA and of hydoxybutyryi-CoA to acetoacetyi-CoA, respectively. 
Methanogens are able to bring the hydrogen level down to about 1 Pa under 

non growing conditions. At this hydrogen level, NADH oxidation and reduced ferre­
doxin oxidation coupled to hydrogen formation is energetically feasible for the fatty 
acid degraders. However, at a hydrogen partial pressure of 1 Pa FADH

2 
oxidation 

I 
_ ______ __ _l__ 
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still is not feasible. Therefore, propionate- and butyrate-oxidizing bacteria have to 
invest metabolic energy to push this reaction. The biochemical mechanism that is 
used for this is not completely clear. The complete genome sequences of S. acid­
itrophicus, S. wolfei, Syntrophobacter fumaroxidans, and P. thennopropionicum 
have been reported. From the predicted localization of key enzymes involved a 
speculation of the biochemical mechanisms of reversed electron flow can be made. 

The mechanism to drive succinate oxidation to fumarate (£'"=+33 mV) during 
syntrophic growth is possibly similar to the mechanism of energy conservation dur­
ing fumarate respiration in Wolinella succinogenes, but operating in reversed mode 
(Muller et al. 2010). Bacillus subtilis also uses reversed electron transfer in succi­
nate oxidation by coupling it to menaquinone reduction (E" = -80 m V). Menaquinone 
binds cytochrome b close to the outside of the cell membrane. When reduced 
menaquinone is oxidized at the cytoplasmic side of the membrane and inward move­
ment of protons is achieved (Schirawski and Unden 1998). In syntrophic propionate 
metabolism, menaquinone oxidation is linked to a membrane-bound hydrogenase 
or formate dehydrogenase. Genome and biochemical analysis of S. fumaroxidans 
revealed the presence of a membrane integrated succinate dehydogenase gene clus­
ter containing menaquinone (Sfum_1998, 1999, and 2000) and several periplasmic 
and cytoplasmic hydrogenases and formate dehydrogenases (Table 8.4a) (Muller 
et al. 2010; Worm et al. 2010). A requirement of 2/3 ATP for reversed electron 
transport was determined. This is schematically presented in Fig. 8.3. A similar and 
phylogenetically related succinate dehydrogenase gene cluster was found in P. ther­
mopropionicum (Kosaka et al. 2006, 2008). This indicates that succinate oxidation 
to fumarate requires a proton gradient over the membrane and the investment of 
ATP to form hydrogen at the outside of the cytoplasmic membrane. In syntrophic 
communities the methanogens directly scavenge the hydrogen formed. Menaquinone 
found in S. wo/fei possibly functions as the electron carrier between a membrane­
associated butyryl-CoA dehydrogenase and a cytoplasmically oriented hydrogenase 
(Muller et al. 2010). Inward movement of protons by the quinone loop is compen­
sated by proton extrusion by a membrane-bound ATPase, similar to succinate oxi­
dation in syntrophic propionate oxidation, though inS. aciditrophicus hydrogenases 
seem to be located at the inner aspect of the cell (Table 8.4). An alternative mecha­
nism to produce H2 from thermodynamically difficult substrates comes from recent 
studies with Clostridium kluyveri (Herrmann et al. 2008). C. kluyveri ferments etha­
nol and acetate to butyrate and some hydrogen. A soluble enzyme complex in C. 
kluyveri couples the energetically favorable reduction of crotonyi-CoA to butyryl­
CoA by NADH with the unfavorable reduction of ferredoxin (Fd) by NADH: 

Crotonyl- CoA + Fd1o,> + 2NADH + 2H• ~butyryl - CoA + Fd1,.d> + 2NAD•. 

The reverse mechanism may be involved in syntrophic butyrate degradation, 
though in that case it remains unclear how the bacteria form reduced ferredoxin 
needed for that conversion. 
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Table 8.4 Genes annotated as formate dehydrogenase and hydrogenase in the genomes of 
Syntrophobacter fitmaroxidans (a) and Syntrophus aciditrophicus (b) (http://img.jgi.doe.gov). 
Peri plasmic lo~alization of these cofactor binding enzymes is indicated by the presence of a twin 
arginine translocation motif in the N-terminal amino acid sequence 

Enzyme Locus tag Localization Metal content 

(a) Genes a11notated as formate dehydrogenase or hydrogenase in the genome 
of S. fwnaroxidans 

Formate dehydrogenase Sfum_2706, Sfum_2705' Cytoplasm W, Se 
Formate dehydrogenase Sfum_ l274, Sfum_1273' Peri plasm W,Se 
Formate dehydrogenase Sfum_3509 Peri plasm WfMo 
Formate dehydrogenase Sfum_0031, Sfum_0030' Peri plasm WfMo,Se 
Hydrogenase Sfum_0844 Peri plasm Fe 
Hydrogenase Sfum_2952 Peri plasm Ni, Fe 
Hydrogenase Sfum_2221 Cytoplasm Ni,Fe 
Hydrogenase Sfum_2716 Cytoplasm Ni,Fe 
Hydrogenase Sfum_3537' Cytoplasm Ni, Fe, Se 
Hydrogenase Sfum_3954' Periplasm Ni, Fe, Se 
(b) Genes annotated as formate dehydrogenase or hydrogenase in the genome 

of S. aciditrophicus 
Formate dehydrogenase Syn_00635, Sfum_00634' Peri plasm WfMo,Se 
Formate dehydrogenase Syn_00630, Syn_00629' Cytoplasm WfMo,Se 
Formate dehydrogenase Syn_02137,Syn_002138' Cytoplasm WfMo,Se 
Formate dehydrogenase Syn_00602, Sfum_00603' Periplasm WfMo,Se 
Hydrogenase Syn_Ol370 Cytoplasm Fe 
Hydrogenase Syn_02222 Cytoplasm Ni,Fe 

'Selenocysteine residues were predicted by recognition of a TGA with a downstream sequence 
containing a ribonuclear fold that comply with the consensus bSECIS structural model as described 
by Zhang and Gladyshev (2005) 

Fig. 8.3 Hypothetical 
mechanism of membrane 
integrated, ATP-dependent 
succinate oxidation in 
propionate-degrading 
acetogenic bacteria 

'"'---- -----:f ~~~:::' 
. J '"~iM" 

/\ fumarate+ 2H+ '"' y2, 
H2 I 
out in 

8 Syntrophic Degradation of Fatty Acids by Methanogenic Communities 139 

A special mechanism of propionate and butyrate activation exists in syntrophic 
bacteria. In general, carboxylic acids are activated by kinases or thiokinases and 
require one ATP. S. fumaroxidans and P. thennopropionicwn activate propionate 
through HS-CoA-transferase (Kosaka et al. 2006, 2008; Plugge et al. 1993). 
Sequence analysis of these genes reveals a very high homology between the HS-CoA 
transferase of both microorganisms (79% sequence identity, Sfum_ ll63 and 
Pth_1771). In butyrate-oxidizing syntrophs, the initial activation of butyrate also 
occurs by HS-CoA transferase (Wofford et al. 1986). However, no clear sequence 
similarity exists between the HS-CoA transferases of propionate oxidizers and 
butyrate oxidizers. 

8.6 Conclusions and Perspectives 

Syntrophic communities operate in conditions that are close to thermodynamical 
equilibrium. This implies that changes in environmental conditions affect conver­
sion rates and growth of the syntrophic communities. In anaerobic waste and waste­
water treatment disturbances in operation of the process results in the accumulation 
of fatty acids, coinciding with a pH decrease that may be detrimental for the whole 
process. On the other hand, the characteristics of syntrophic degradation may also 
be used to optimize degradation, as was done to develop a process for efficient 
anaerobic conversion of wastewaters that contain large amounts of lipids and long­
chain fatty acids (Alves et al. 2009). 

Several bacteria have been isolated and characterized that have the ability to 
degrade fatty acids in syntrophy with hydrogen-consuming methanogens . The bio­
chemical pathways that these bacteria employ and the energetic barriers that these 
bacteria have to overcome are known. However, the exact biochemical mechanisms 
by which these bacteria overcome the energetic barriers are not yet fully under­
stood. Genome sequence information can be used to unravel how these fatty acid­
degrading bacteria regulate their metabolism in changing environmental 
conditions. 

Degradation of organic waste to biogas, which consists mainly of methane and 
carbon dioxide, is a unique process. Irrespectively of the microorganisms involved 
and the pathways that they employ, a variety of organic compounds can be easily 
and completely degraded to biogas . The substrate conversion rates and growth rates 
of fatty acid-degrading communities determine the overall efficiency of the metha­
nogenic process . However, to make anaerobic digestion unfailing and to increase 
the overall rates of methanogenesis, the metabolic interactions between bacteria and 
archaea deserve to be further explored. 
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Chapter 9 
Anaerobic Digestion as an Effective Biofuel 
Production Technology 

Serge R . G u iot and Jean-C laud e Frigon 

Abst ract The methane produced from the anaerobic digestion of organic wastes 

and energy crops represents an elegant and economical mean of generating renew­

able biofuel. Anaerobic digestion is a mature technology and is already used for the 

conversion of the organic fraction of municipal solid wastes and primary and sec­

ondary sludge from wastewater treatment plant. High methane yield up to 0.45 Nm3 

CH/kg vola tile solids (VS) or 12,390 Nm3 CH/ha can be achieved with sugar and 

starch crops, although these cultures are competing for high quality land with food 

and feed crops. The cultivation of lignocellulosic crops on marginal and set-aside 

lands is a more environmentally sound and sustainable option for renewable energy 

production. The methane yield obtained from these crops is lower, 0.17-0.39 Nm3 

CH/kg VS or 5,400 Nm3 CH.fha, as its conversion into methane is facing the same 

initial barrier as for the production of ethanol, e.g., hydrolysis of the crops. Intensive 

research and development on efficient pretreatments is ongoing to optimize the net 

energy production, which is potentially greater than for liquid biofuels, since the 

whole substrate excepted lignin is convertible into methane. A lgal biomass is 

another alternative to food and feed crops. Their relatively high methane potential 

(up to 0.45 Nm3 CH/kg VS fed) combined with their higher areal biomass produc­

tivity make them particularly attractive as a feedstock for an anaerobic digestion­

based biorefinery concept. 
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