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Overview

• Concept of interspecies electron transfer

• Syntrophic cooperations and 

• Energetical implications

• Alternative electron carriers

• Anaerobic methane oxidation

• Conclusions
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The „Microbial Redox Tower“



Sediment core from 
Lake Constance,
Profundal, 
about 80 m water depth 



Alessandro Volta, 1776 : 
„aria infiammabile“
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Energetics of Glucose Degradation

C6H12O6 + 6 O2 6 CO2 + 6 H2O
DG°’ = -2870 kJ per mol

C6H12O6 3 CH4 + 3 CO2
DG°’ = -390 kJ per mol

3 CH4 + 6 O2 3 CO2 + 6 H2O
DG°’ = -2480 kJ per mol
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ADP + Pi  ATP  +  H2O     DG0’ = +32 kJ /mol rct. 

with [ATP], [Pi] = 10-2 M; [ADP] = 10-3 M: DG’ = + 49 kJ /mol rct.

Heat loss  in irreversible reactions:   10-20 kJ/ mol rct. 

 + 60-70 kJ/mol ATP



(F1/Fo) ATPase:

Synthesizes or hydrolyses ATP at the cytoplasmic membrane 

The reaction is coupled to a proton (or Na+ ion) flux across the 
charged membrane (pmf = -180 - -200 mV).

If 3-4 protons (Na+ ions) cross the membrane per ATP the smallest 
energy quantum exploitable by a biochemical process for ATP 
synthesis is equivalent to 1/3 – 1/4 ATP, i. e. 

 + 15-20 kJ/mol H+ (Na+) translocated  

Energetics of ATP formation
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Energetics of glucose degradation

C6H12O6 + 6 O2 6 CO2 + 6 H2O
DG°’ = -2870 kJ per mol

= 38 ATP per mol glucose
 - 75 kJ per mol ATP

C6H12O6 3 CH4 + 3 CO2

DG°’ = -390 kJ per mol
= ca. 5 ATP per mol



Energetics of glucose degradation

C6H12O6 + 6 O2 6 CO2 + 6 H2O
DG°’ = -2870 kJ per mol

 38 ATP per mol glucose

 - 75 kJ per mol ATP

With 70 kJ per ATP, [glucose] could go down to 
10-35 M before the system would become energy-
limited. 



Energetics of glucose degradation

C6H12O6 + 6 O2 6 CO2 + 6 H2O
DG°’ = -2870 kJ per mol

 38 ATP per mol glucose

 - 75 kJ per mol ATP

With 70 kJ per ATP, [glucose] could go down to 
10-35 M before the system would become energy-
limited. 

(= <1 molecule in Lake Constance (50 km3 water)



Energetics of glucose degradation

C6H12O6 3 CH4 + 3 CO2

DG°’ = -390 kJ per mol
= ca. 5 ATP per mol

With 70 kJ per ATP, [glucose] could go down to 
10-7 M (100 nM) before the system would become energy-
limited. 
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Electron flow in a methanogenic microbial community
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Metabiotic glucose fermentation

Glucose                   3 CH3COO- + 3 H+ 3 CH4 + 3 CO2

Acetobacterium woodii Methanosarcina barkeri

(Winter and Wolfe, 1979)



14

Secondary Fermentations
„Syntrophic“ Cooperations
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Electron flow in a methanogenic microbial community
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Methanobacillus omelianskii

2 ethanol + CO2 2 acetate + CH4           DG0´ = - 112 kJ

S-organism

2 ethanol + 2 H2O  2 acetate + 4 H2 DG0´ = +  20 kJ

Methanogen

4 H2 + CO2 CH4 + 2 H2O DG0´ = -131 kJ

Bryant et al (1967)



Electron transfer in energy metabolism
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Agar Shake Dilution Technique
for Purification of Strictly Anaerobic Microbes 

Growth medium with 1% Agar



Syntrophic benzoate degradation by Syntrophus gentianae 
in coculture with Methanospirillum hungatei

First arrow: Addition of BES, 
Second arrow: Addition of Desulfovibrio desulfuricans (+ sulfate)



Energy sharing in a ternary syntrophic coculture 
converting butyrate to CH4 and CO2

2 CH3CH2CH2COO- + H+ + 2 H2O  5 CH4 + 3 CO2

DG°‘ = - 177 kJ per mol

with 10 mM butyrate:  DG‘  = - 140 kJ per mol
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Energy sharing in a ternary syntrophic coculture 
converting butyrate to CH4 and CO2

2 Butyrate
(10 mM)

4 Acetate

4 H2 CH4  (0.7 atm)

4 CH4   +   4 CO2
(0.7 atm)  (0.3 atm)

CO2

2 CH3CH2CH2COO- + H+ + 2 H2O  5 CH4 + 3 CO2

DG°‘ = - 177 kJ per mol

with 10 mM butyrate:  DG‘  = - 140 kJ per mol
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Energy sharing in a ternary syntrophic coculture 
converting butyrate to CH4 and CO2

2 Butyrate
(10 mM)

4 Acetate
(50 mM)

10-4.5 atm 
4 H2 CH4  (0.7 atm)

4 CH4   +   4 CO2
(0.7 atm)  (0.3 atm)

CO2

2 CH3CH2CH2COO- + H+ + 2 H2O  5 CH4 + 3 CO2

DG°‘ = - 177 kJ per mol

with 10 mM butyrate:  DG‘  = - 140 kJ per mol
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Energy sharing in a ternary syntrophic coculture 
converting butyrate to CH4 and CO2

2 Butyrate
(10 mM)

4 Acetate
(50 mM)

10-4.5 atm 
4 H2 CH4  (0.7 atm)

4 CH4   +   4 CO2
(0.7 atm)  (0.3 atm)

CO2

2 CH3CH2CH2COO- + H+ + 2 H2O  5 CH4 + 3 CO2

DG°‘ = - 177 kJ per mol

with 10 mM butyrate:  DG‘  = - 140 kJ per mol

-20 kJ

-20 kJ

-20 kJ
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Butyric acid fermentation

Glucose 

2 NADH 

2 Pyruvate 

2 NAD+

Butyrate 

2 ATP 

2 Acetyl-CoA 

2 CO2

2 Acetyl-P 

2 Acetate 

2 ATP 

4 Fd 

4 FdH 

1 ATP 

H2

Alternatives:

(1) Glucose  Butyrate + 2 CO2 + 2 H2 ΔG0
‘ = -247 kJ/mol   3 ATP

(2) Glucose  2 Acetate + 2 CO2 + 4 H2 ΔG0‘ = -216 kJ/mol   4 ATP

Observed:

(3) Glucose  0.7 Butyrate + 0,6 Acetate + 2.6 H2 + 2 CO2 ΔG0‘ = -233 kJ/mol   3.3 ATP

Fd = Ferredoxin 

Small iron-sulfur protein ; 
Redox carrier 
in fermenting anaerobes

Clostridium butyricum

28



Energetics of glucose fermentation by Clostridium butyricum

In pure culture:
glucose + 2 H2O  0.7 butyrate- + 0.6 acetate- + 1.3 H+ + 2 CO2 + 2.6 H2

DG0' = -233 kJ per mol, yielding 3.3 ATP per glucose 

Alternatively:

glucose + 2 H2O  2 acetate- + 2 H+ + 2 CO2 + 4 H2 ; 

DG0' = -216 kJ per mol glucose 

60-70 kJ needed per mol ATP;       too little energy to form 4 ATP! 

At [H2]  = 10-4 atm, the overall energetics changes to 

DG' = -307 kJ, allowing for 4 ATP per glucose.
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Glucose 

2 Pyruvate 

2 Acetyl CoA

2 CO2

2 ATP 

2 ATP

2 Acetate-

2 NADH  2 H2

4 FdH  2 H2

Glucose fermentation to acetate only 



Agar Shake Dilution Technique
for Purification of Strictly Anaerobic Microbes 

Growth medium with 1% Agar



Direct dilution cultivation 
with Lake Constance profundal sediment
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10 mm

Strain BoGl83;
Bacillus stamsii
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16S rRNA sequence comparison of strain BoGlc83
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Six strains of defined cocultures isolated from 
direct dilution series:

• Short rods, 2.0 x 0.5 mm in size

• Gram-positive, forming subterminal spores

• Facultatively aerobic

• Glucose degradation inhibited by 5 mM BES

• Glucose concentrations >5 mM inhibitory, 2 mM optimal

• Fermentation pattern of the defined cocultures: 
Glucose  2 Acetate + CH4 + CO2

• Not (yet) found in wastewater biogas reactors

Müller, N., U. Stingl, B. M. Griffin, B. Schink: Environ. Microbiol. 10, 1501-1511 (2008)
Müller, N., F. D. Scherag, M. Pester, B. Schink: Syst. Appl. Microbiol. 38, 379-389 (2015)
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Gary Larson
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Glucose

2 Pyruvate

2 Acetyl-CoA

2 Acetate

2 CH4 +  2 CO2 CH4

CO2

2 CO2

2 H2

2 H2

Importance of Acetate vs. H2 as Electron Carriers



Butyric acid fermentation

Glucose 

2 NADH 

2 Pyruvate 

2 NAD+

Butyrate 

2 ATP 

2 Acetyl-CoA 

2 CO2

2 Acetyl-P 

2 Acetate 

2 ATP 

4 Fd 

4 FdH 

1 ATP 

H2

Alternatives:

(1) Glucose  Butyrate + 2 CO2 + 2 H2 ΔG0
‘ = -247 kJ/mol   3 ATP

(2) Glucose  2 Acetate + 2 CO2 + 4 H2 ΔG0‘ = -216 kJ/mol   4 ATP

Observed:

(3) Glucose  0.7 Butyrate + 0,6 Acetate + 2.6 H2 + 2 CO2 ΔG0‘ = -233 kJ/mol   3.3 ATP

Fd = Ferredoxin 

Small iron-sulfur protein ; 
Redox carrier 
in fermenting anaerobes

Clostridium butyricum
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Properties of methanogenic habitats 

Habitat Temperature  
(°C) 

Detention 
time (d) 

[Acetate] 
(mM) 

[Propionate] 
(mM) 

[Butyrate]  
(mM) 

[Hydrogen] 
(Pa) 

Eutrophic 
Marine 
Sediment 

4 - 10 „unlimited“ 1 - 660 1 - 24 0.1 - 22 <1 

Eutrophic 
Freshwater 
Sediment 

4 - 10 „unlimited“ 1 - 160 1 - 20 1 - 10 <2 

Anaerobic 
Sewage 
Sludge 

30 - 35 15 - 30 5 - 6000 1 - 500 1 - 500 1 - 10 

Rumen of a 
Cow 

37 - 39 0.5 - 2 60 000 20 000 10 000 20 - 5000 

       
(modified after Schink, B. Naturwissenschaften 76, 364-373 (1989)) 



Sewage Sludge Digestor,
Sewage Plant, Constance

ca. 5000 m3



Biogas Reactors



 

Properties of methanogenic habitats 
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Polymers

CH4, CO2

Monomers

Fatty 
acids, 

alcohols, 
lactate, 

succinate
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Electron flow in a methanogenic microbial community 
inside a ruminant

Host

Host
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Brune, A. Nature Rev. 2014

Digestion of Termites



Integrative versus modular organisation 
of metabolic reaction chains
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Effect of intermicrobial distances

Schink and Thauer
1987



Cp = 0.1   mM
Cc = 0.01 mM

Cp = 0.1   mM
Cc = 0.01 mM

Flux = 20   nmol ml-1 min-1

Flux = 2000   nmol ml-1 min-1



Granules in an UASB Reactor, 
G. Lettinga, Wageningen, NL



Growth of a  
syntrophic 
community
in, e. g., a 
sewage 
digestor 
sludge floc
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Formate or hydrogen?  

- Indications for interspecies formate transport in syntrophic
oxidation of butyrate, propionate, and ethanol

- Redox potentials nearly identical (E°‘ = -430 vs. -414 mV); 

in situ ca. -300 mV

- Diffusion kinetics nearly equivalent

- Solubility in water quite different 

- Energetically equivalent? 



Hydrogen vs. Formate 
as Electron Shuttle in Syntrophic Cooperations

Schink, Montag, Keller, Müller, 2017 



Anaerobic oxidation of methane

CH4 + SO4
2- + 2 H+ CO2 + H2S + 2 H2O

DG°’ = - 21 kJ per mol



55Global amount ca. 1019 g; Kvenvolden and Lorenson, 2013



Gas hydrates



Gas hydrate 
(„Methane Ice“)
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Anaerobically methane-oxidizing aggregates

Aggregates were harvested
off the coast of Oregon 

at about 1000 m water depth 
above methane hydrates

(Photo:
K. Knittel, A. Boetius, Bremen)
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Anaerobic oxidation of methane

CH4 + SO4
2- + 2 H+ CO2 + H2S + 2 H2O

DG°’ = - 21 kJ per mol

at 100 atm CH4 ,  20 mM SO4
2-, 2 mM H2S:

DG’ = - 35 kJ per mol

?

CH4

CO2

SO4
2-

H2S
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Milucka, Widdel, Kuypers et al., Nature 491,  541-546  (2012) 

Scheme of electron flow in 
sulfate-dependent anaerobic methane oxidation
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„Chloropseudomonas ethylica“ (Pfennig and Biebl, 1976)



Interspecies electron transfer (“syntrophy”) in a coculture 
of Desulfuromonas acetoxidans and Chlorobium sp. 

(Pfennig and Biebl, 1976) 

Acetate, 
Ethanol

S0 Cell matter

Desulfuromonas
acetoxidans

Chlorobium sp.

CO2 H2S CO2



Conclusions

• In anoxic environments, interspecies interactions are much 
more common than in the oxygen-supplied world.

• Beyond hydrogen or formate, also sulfur compounds (and 
others?) may shuttle electrons between partner organisms.

• Also degradation of sugars and other complex substrates, 
e. g. amino acids, may proceed in nature in the presence of 
partner organisms in a different mode than in pure culture 
in the lab. 

• The energy available to the partners in methanogenic 
degradation is often at the lowermost limit that can be 
converted into metabolic energy (ca. 20 kJ per mol).
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Overview

• Syntrophic oxidation of butyrate
• Syntrophic oxidation of acetate 
• Syntrophic oxidation of ethanol
• Conclusions
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Energy sharing in a ternary syntrophic coculture 
converting butyrate to CH4 and CO2

2 Butyrate
(10 mM)

4 Acetate
(50 mM)

10-4.5 atm 
4 H2 CH4  (0.7 atm)

4 CH4   +   4 CO2
(0.7 atm)  (0.3 atm)

CO2

2 CH3CH2CH2COO- + H+ + 2 H2O  5 CH4 + 3 CO2

DG°‘ = - 177 kJ per mol

with 10 mM butyrate:  DG‘  = - 140 kJ per mol

-20 kJ

-20 kJ

-20 kJ
68



H2

Pathway of 
syntrophic 
butyrate oxidation
(Wofford et al., 1986)
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H2

Pathway of 
syntrophic 
butyrate oxidation
(Wofford et al. 1986)

- 250 mV

-125 mV
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Hydrogen partial pressures and corresponding
redox potentials in syntrophic oxidation reactions
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Hydrogen release in a BES-inhibited coculture 
of Syntrophomonas wolfei and Methanospirillum hungatei

72



Hypothetical concept of reversed electron
transport in syntrophic butyrate oxidation
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A4 

A3 

B5 

B6 

B9 

B10 

B8 

B1 

B7 

But Crot But Crot M1 M2 
A 

100 µg 50 µg (kDa) 

A1 hypothetical outer membrane protein (invasin/intimin/lectin-like)

A2 formate dehydrogenase alpha-subunit, molybdopterin-binding; 
formate dehydrogenase major subunit, selenocysteine-containing

A3 ABC-type transport permease protein (tungstate uptake)

A4  formate dehydrogenase iron-sulfur subunit (cytochrome, quinone?);
ABC-type transport substrate-binding protein (metal uptake)

B3 ATP synthase, sodium translocating, F1 alpha-subunit
B4 ATP synthase, sodium translocating, F1 beta-subunit
B9 ATP synthase, sodium translocating, F1 gamma-subunit
B12 ATP synthase, sodium/proton translocating F0F1-type, F0 subunit a
B13 ATP synthase, sodium/proton translocating, F1 delta-subunit
B14 ATP synthase, sodium/proton translocating F0F1-type , F0 subunit b
B15 ATP synthase, sodium/proton translocating , F1 epsilon-subunit

Prominent membrane proteins 

of Syntrophomonas wolfei expressed

after growth with either butyrate or crotonate

Schmidt, Müller, Schink, Schleheck (2013) 74



Schematic representation of the proteins identified by PF-MS in 
butyrate-grown S. wolfei cells and of their attributed location and role.
green, identified after activity-purification (NDH-Hyd-Fdh and Bcd-EtfAB-DUF224 complex, respectively); 
blue, identified after 2D-PAGE of soluble protein fraction; 
purple, identified after 1D-PAGE of membrane protein fraction.
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Syntrophic conversion of acetate to CH4 + CO2

DG0’
CH3COO- + H+ + 2 H2O  CO2 + 4 H2 + 95 kJ /mol rct. 
4 H2 +  CO2 CH4 + 2 H2O - 131 kJ /mol rct. 

CH3COO- + H+ +  CH4 + CO2 - 35 kJ /mol rct. 

at 60°C: DG’ = - 42 kJ /mol rct.
“Reversibacter” Zinder and Koch, 1984 ff. 
Thermacetogenium phaeum Hattori et al., 2000

td: 8-10 days;    [H2] = 5-10 Pa (10-5 - 10-4 atm) 

at 35°C: DG’ = - 38 kJ /mol rct.; 

Clostridium ultunense Schnürer et al., 1996 

td: 4-6 weeks; [H2] = 5-10 Pa (10-5 - 10-4 atm) 
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Energetics of fermentative formation and 
degradation of acetate

4 H2 + 2 CO2 CH3COO- + 2 H2O
DG°’ = – 95 kJ per mol

at [H2] = 10-4 atm., [Ac] = 100 mM, T = 25°C  
 DG’ = – 20 kJ per mol

at [H2] = 10-5 atm., [Ac] = 10 mM, T = 60°C  
DG’ = + 20 kJ per mol
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Acetate formation from 
formate or hydrogen by 

Thermacetogenium phaeum
Keller et al., 2019



Acetate oxidation by 
Thermacetogenium phaeum

Keller et al., 2019



Biomass degradation in technical reactors
BMBF Project BioPara

Montag, D., B. Schink: Appl. Microbiol. Biotechnol. 100, 1019-102 (2016) 
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Biomass degradation in technical reactors
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Conclusions

• The energy available to the partners in methanogenic 
degradation is often at the lowermost limit that can be 
converted into metabolic energy (~20 kJ per mol).

• In all cases of syntrophic oxidations studied so far, ATP is 
formed via substrate-level phosphorylation

• In most cases, evidence of energy-dependent reversed 
electron transport or of other energy-consuming 
membrane-bound reactions has been obtained.

• With syntrophic butyrate oxidation and syntrophic acetate 
oxidation by Thermacetogenium phaeum, menaquinone-
linked reversed electron transport systems have been 
identified.

• In syntrophic ethanol oxidation by Pelobacter spp., the 
present working concept includes a Na+-driven Rnf 
complex and a confurcating hydrogenase or formate 
dehydrogenase.
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