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PROPOSITIONS 
 
 

1. Reverse electron transfer, exocellular electron transfer and 
confurcation mechanisms are all necessary for syntrophic 
growth on propionate (This thesis) 

 
2. In Syntrophobacter fumaroxidans, molybdenum-containing 

formate dehydrogenases are key enzymes for interspecies 
electron transfer during syntrophic propionate oxidation (This 
thesis) 

 
3. Anaerobic digestion is no longer a black-box but rather an over-

exposed photo. 
 

4. The circadian rhythm in archaea and bacteria will become 
essential in the planning of experiments. (Johnson et al., 2017. 
Nature Reviews Microbiology)  

 
5. The discovery of the existence of water as two fluids with 

different densities at the same time, as described by Perakis et 
al. (PNAS. 2017), has major implications in metabolism.  

 
6. Scientists are to blame for the wave of antiscientific policies 

around the world. 
 

7. The title of Philosophiae Doctor (PhD) does not describe the 
current aptitudes of PhD graduates. 
 

8. In the quest for practicality and universal understanding, the 
scientific language has become tedious. 
 

Prepositions belonging to the PhD thesis entitled “Energy conservation 
mechanisms and electron transfer in syntrophic propionate-oxidizing 
microbial consortia”. 

Vicente T. Sedano Núñez 

Wageningen, 3 April 2018 
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Anaerobic degradation of organic matter to carbon dioxide and methane requires the 

interaction of different microbial groups along a series of four stages: hydrolysis, 

acidogenesis, acetogenesis and methanogenesis (McInerney et al., 2008; Sieber et al., 

2012; Shrestha and Rotaru, 2014) (Figure 1.1). During hydrolysis and 

acidogenesis, complex organic structures like polysaccharides, proteins and lipids 

are converted to smaller moieties such as organic acids, alcohols, simple sugars and 

amino acids, among others. Several of these products can be directly mineralized to 

CO2 by microorganisms using inorganic electron acceptors such as iron (Fe3+), 

manganese (Mn2+), nitrate (NO3
−), sulfate (SO4

2−), selenate (SeO4
2−) or arsenate 

(AsO4
3−)  (Kristensen et al., 1995; Stams et al., 2006). 

Figure 1.1. Anaerobic degradation of organic matter by cooperation of different 

metabolic groups. Primary fermenters (1), secondary fermenters or acetogens (2), 

hydrogenotrophic methanogens (3), acetoclastic methanogens, homoacetogenic bacteria 

(5), syntrophic acetate oxidizers (6) and sulfate reducers (7). 

However, in some environments, microcosms or even in man-made environments, 

such as paddy fields, landfills and anaerobic bioreactors, inorganic electron acceptors 

are not always sufficiently available, or the products of their reduction are not 

desirable, for instance, sulfide production from sulfate reduction. In such 
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environments, where inorganic electron acceptors are limited, the degradation of 

organic matter is channelled to methane production. Consequently, syntrophic 

associations between secondary fermentative bacteria and methanogens become 

important. These associations occur since the degradation of fatty acids by acetogenic 

bacteria, requires that the products, typically hydrogen, formate and acetate, are 

maintained at very low concentrations by methanogenic archaea (Stams et al., 2005; 

McInerney et al., 2009; Schink and Stams, 2013). 

Energetic constraints in methanogenic ecosystems 

During hydrolysis, polymeric compounds such as carbohydrates, proteins and lipids 

are converted to sugars, amino acids and fatty acids. These monomeric compounds 

are in turn fermented in the acidogenic stage to volatile fatty acids, alcohols, 

succinate, lactate, H2, CO2, and H2S. The subsequent degradation of these products 

is an important limiting step in anaerobic digestion due to thermodynamic 

constrains. Most of the secondary fermentative conversions proceed close to 

thermodynamic equilibrium with Gibbs energy changes close to zero (Table 1.1) 

(Thauer et al., 1977; Schink, 1997; Kleerebezem and Stams, 2000).  

It can be noticed from Table 1.1 that the energetic barriers for anaerobic lactate and 

ethanol oxidation are easier to overcome than those for butyrate, propionate and 

acetate degradation. Degradation of butyrate, propionate and acetate in the absence 

of inorganic electron acceptors can only occur when the concentrations of hydrogen 

and formate are low, <10 Pa and <10 µM, respectively (Stams, 1994). When oxidation 

of these organic acids is coupled to methane production in a tight association with a 

methanogenic partner, the acetogenic reactions mentioned above become 

thermodynamically favourable (Equations 1 and 2). Having this in mind, a 

complete oxidation of butyrate and propionate into methane and CO2 requires the 

interaction of at least three different groups of microorganisms: acetogenic bacteria, 

acetotrophic archaea and hydrogenotrophic archaea. This interaction is more than 

simple mutualism as it is based on providing trophic benefits for all the involved 

partners. 

2 Butyrate−+ 5 H2O → 5 CH4 + 3 HCO3
- + H+ ΔGº’= -177 kJ/reac Eq. 1 

4 Propionate− + 7 H2O → 7 CH4 + 5 HCO3
- + H+ ΔGº’= -249 kJ/reac Eq. 2 

Not only acetogenic bacteria depend on efficient removal of the products formed by 

oxidation of organic acids, but methanogenic archaea rely on the acetogenic partner 

for substrate supply since methanogens are able to convert only a small number of 

one-carbon compounds (e.g. methanol, formate, methylamines and methylsulfides) 

besides acetate (Zinder, 1993; Liu and Whitman, 2008; Thauer et al., 2008). 
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Table 1.1. Equations and standard free energy changes for acetogenic and 

methanogenic reactions. Values were calculated from the Gibbs free energies of 

formation of the reactants at a concentration of 1 M, pH 7.0, 298 K and a partial 

pressure of gas of 105 Pa according to Thauer et al. 1977. 

Acetogenic reactions ΔGº' (kJ/mol) 

Lactate− + 2 H2O  → Acetate− + HCO3 + H+ + 2 H2 -7.7 

Ethanol + H2O  → Acetate− + H+ + 2 H2 +9.6 

Butyrate− + 2 H2O  → 2 Acetate− + H+ + 2 H2 +48.6 

Butyrate− + 2 HCO3
−  → 2 Acetate− + H+ + 2 Formate− +45.6 

Propionate− + 3 H2O  → Acetate− + HCO3
− + H+ + 3 H2 +76.1 

Propionate− + 2 HCO3
− → Acetate− + H+ + 3 Formate− +72.2 

Hydrogen/formate formation reactions ΔGº' (kJ/mol) 

Acetate− + 4 H2O  → 4 H2 + 2 HCO3
− + H+ +95.0 

Acetate− + 2 HCO3
− → 4 Formate− + H+ +109 

Formate−+ H2O  → H2 + HCO3
− +1.3 

Methanogenic reactions ΔGº' (kJ/reac) 

4 Formate−+ H++ H2O → CH4 + 3 HCO3
− -130.4 

4 H2 + HCO3
− + H+ → CH4 + 3 H2O -135.6 

Acetate− + H2O  → CH4 + HCO3
− -31.0 

Methanogenic syntrophy 

Methanogenic syntrophy is an essential process in the global carbon cycle and 

fundamental for the complete mineralization of organic carbon (Thauer et al., 2008; 

McInerney et al., 2009). The mutual dependence of syntrophic partners with respect 

to energy limitations can go, in some cases, so far that neither partner can operate 

without the other, and together they exhibit a metabolic activity that neither one 

could accomplish on its own (de Bok et al., 2005; Qiu et al., 2006; Sousa et al., 2007; 

McInerney et al., 2008). 

A balanced performance among the trophic groups of microorganisms involved in 

syntrophy depends on many factors such as the concentration of substrates and 

products as well as their diffusion, intermicrobial distances, formation of aggregates, 

etc. (Seitz et al., 1988; Thiele et al., 1988; Boone et al., 1989; Ozturk et al., 1989; 

Stams and Dong, 1995). 

Although the driving force for the establishment of syntrophic associations is the 

small amount of energy available in methanogenic environments, these associations 

seems to be very difficult to achieve and easy to disrupt. The mechanisms by which 

syntrophic microorganisms thrive with a very low energy gain, which furthermore 

must be shared among different cells, are very complex and have not been completely 

understood yet. 
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Interspecies electron transfer (IET) 

The transfer of reducing equivalents in syntrophic consortia is denoted as 

interspecies electron transfer (Stams, 1994; Schink, 1997; Stams and Plugge, 

2009; Sieber et al., 2014). Several redox shuttles have been recognized to be involved 

in IET, among them, humic substances (Lovley et al., 1999), sulfur compounds 

(Milucka et al., 2012), cysteine-cystine shuttles (Kaden et al., 2002), flavins (Von 

Canstein et al., 2008; Brutinel and Gralnick, 2012) and conductive particles (Chen et 

al., 2014; Cruz Viggi et al., 2014; Kato, 2015; Rotaru et al., 2017). However, the 

interspecies exchange of hydrogen and formate has been the most widely studied. 

Hydrogen and formate are formed by secondary fermenting bacteria to release the 

excess of electrons during the oxidative degradation of organic acids (Schink, 1997; 

McInerney et al., 2009; Stams and Plugge, 2009; Schink et al., 2017). 

Reducing equivalents are formed along different oxidation steps in the anaerobic 

degradation of organic compounds. The reduced forms of electron carriers, such as 

NADH or reduced ferredoxin (Fdred) need to be re-oxidized to keep the different 

pathways functioning. During acidogenesis the oxidation of NADH (E’ of -320 mV) 

coupled to the reduction of acetaldehyde (E’ of -197 mV), pyruvate (E’ of -190 mV), 

enoyl-CoA (E’ of -10mV), or fumarate (E’ of +33 mV), is energetically favourable, 

allowing primary fermentative bacteria to form ethanol, lactate, butyrate, or 

propionate, respectively. 

However, in acetogenesis the re-oxidation of the electron carriers, in the absence of 

nitrate, sulfate or other external electron acceptor, needs to be coupled to protons 

and CO2 reduction leading to the formation of hydrogen and formate. (McInerney et 

al., 2008). It is energetically difficult to reduce protons using the redox mediators 

NADH and ferredoxin. The midpoint redox potential (E°') of the redox couples 

NAD+/NADH and Fdox/Fdred is -320 and -398 mV, respectively; while the E°' of the 

redox couples H+/H2 and CO2/HCOO- is much lower with -414 mV and -432 mV, 

respectively (Thauer et al., 1977). This causes an energetic problem under standard 

conditions (for comparison, the E°' of the redox couple O2/H2O, which is important for 

aerobic respiration, is +818 mV). In nature however, methanogens can maintain 

hydrogen threshold values below 10 Pa and formate concentrations as low as 10 μM 

(Stams, 1994). At these levels, the redox potential for hydrogen and formate 

production changes from -414 and -432 mV to -260 and -290 mV, respectively (Sieber 

et al., 2012). Thus, hydrogen and formate production from NADH and Fdred becomes 

thermodynamically favourable. Consequently, in anaerobic environments, long-

chain fatty acids, butyrate, propionate, alcohols, and some amino acids and aromatic 

compounds are syntrophically degraded to the methanogenic substrates, H2, formate, 

and acetate (McInerney et al., 2008).  
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Hydrogen and formate as electron carriers 

Since Bryant and co-workers discovered that their cultures of Methanobacillus 

omelianskii did not contain one species but a syntrophic coculture of two types of 

microorganisms, hydrogen and formate were recognized from the very beginning as 

key metabolites in the electron transfer processes between the ethanol oxidizing 

bacterium and the methanogenic partner (Bryant et al., 1967). Since then, many 

syntrophic associations have been described and the debate over which compound is 

the main interspecies electron carrier between the diverse syntrophic associations 

continues (McInerney et al., 2009; Sieber et al., 2012; Morris et al., 2013; Schink et 

al., 2017). 

Many studies in syntrophic metabolism have emphasized the role of hydrogen in 

IET because the methanogens used in partnerships with Pelotomaculum 

thermopropionicum, Syntrophococcus sucromutans, Syntrophomonas wolfei, 

Syntrophobotulus glycolicus and Thermoacetogenium phaeum among others, were 

only able to utilize H2/CO2 and not formate (Schink, 1997; Sieber et al., 2012). 

However, other studies have shown the significance of formate transfer in 

methanogenic communities (Thiele and Zeikus, 1988; Boone et al., 1989; Schmidt 

and Ahring, 1995; de Bok et al., 2003) and in cocultures with Syntrophobacter 

fumaroxidans (Dong and Stams, 1995; Stams and Dong, 1995; de Bok et al., 2002a; 

de Bok et al., 2003), Desulfovibrio desulfuricans strain G20 (Li et al., 2009), 

Syntrophomonas wolfei and Syntrophus aciditrophicus (Sieber et al., 2014). Thus, 

although the exclusive use of hydrogen has been reported for the butyrate-oxidizing 

coculture Syntrophomonas wolfei (Wofford et al., 1986), biochemical and genomic 

information supports the combined occurrence of hydrogen and formate transfer 

(Walker et al., 2009; Hillesland and Stahl, 2010; Müller et al., 2010; Li et al., 2011; 

Worm et al., 2011b; Rotaru et al., 2012; Schink and Stams, 2013). 

Therefore, the production and oxidation of hydrogen and formate plays a crucial role 

in the metabolism of syntrophic methanogenic microorganisms. Hydrogen formation 

is one of the simplest redox reactions in nature, which nevertheless requires enzymes 

with complex active centres (Hedderich and Forzi, 2005; Vignais and Billoud, 2007). 

Hydrogenases are metalloenzymes that catalyse the reversible conversion of 

protons and electrons into molecular hydrogen (Equation 3) (Lubitz et al., 2014). 

H2 ⇌ 2H+ + 2e–  Eq. 3 

Hydrogenases are widespread in nature; they occur in bacteria, archaea, and 

eukarya. It is predicted that over 55 microbial phyla and over a third of all 

microorganisms harbour hydrogenases. There are three different types of 

hydrogenases known to date and their current classification is based on the active 

site metal composition (Søndergaard et al., 2016). 
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1. [NiFe]-Hydrogenases. Heterodimeric proteins consisting of small and 

large subunits. The large subunit contains the active site, a sulfur bridged 

bimetallic centre of iron and nickel typically with an open coordination site 

on one metal. The small subunit contains one or more Fe-S clusters. 

2. [FeFe]-Hydrogenases. In these enzymes, which can be monomeric or 

heterodimeric, catalysis occurs at a unique di-iron centre containing a 

bridging dithiolate ligand, three CO ligands and two CN− ligands (Berggren 

et al., 2013). The active site of the [FeFe]-hydrogenase is the H cluster, which 

consists of a [4Fe–4S]H subcluster linked to an organometallic [2Fe]H 

subcluster (Suess et al., 2016). 

3. [Fe]-Hydrogenases. Iron-only hydrogenases, also called iron–sulfur-

cluster-free hydrogenases, these enzymes have been found only in some 

hydrogenotrophic methanogenic archaea, containing neither nickel nor iron-

sulfur clusters but only an iron-containing cofactor. 

[NiFe]-hydrogenases have been reported to be often more active towards H2 oxidation 

and the [FeFe]-hydrogenases extremely active in H2 generation (Wu and Mandrand, 

1993; Vignais et al., 2001). Nevertheless, [FeFe]-hydrogenase have the highest H2 

production activities (Cammack, 1999; Hambourger et al., 2008; Brown et al., 2012). 

Although the catalytic activities reported for [NiFe]-hydrogenases are usually lower 

(Lubitz et al., 2014), these enzymes show much less sensitivity to oxygen inactivation 

and can generally recover from it, unlike [FeFe]-hydrogenases which are extremely 

sensitive and irreversible inactivated by oxygen in the reduced state (Vincent et al., 

2007; Lenz et al., 2010). 

A subgroup of the [NiFe]-Hydrogenases is formed by the [NiFeSe]-Hydrogenases, 

in which one of the cysteine ligands of the nickel is replaced by a selenocysteine (Sec) 

(Garcin et al., 1999). Although the chemical properties of selenium and sulfur are 

similar, the change of coordination caused by replacement of one cysteine by a 

selenocysteine modifies considerably the catalytic and spectroscopic features of the 

active site (Baltazar et al., 2011). Recent studies have shown that selenium has a 

crucial role in protection against oxidative damage and that [NiFeSe]-hydrogenases 

have a higher catalytic activity than [NiFe]-hydrogenases and a bias towards H2 

production (Ceccaldi et al., 2015; Marques et al., 2017; Ruff et al., 2017). Another 

classification (biochemical) of hydrogenases is often made according to its redox 

partner, which in many cases is NAD(P)+, ferredoxin, coenzyme F420 or a-, b- or c-type 

cytochrome (Vignais and Billoud, 2007). The metal sites of the three types of 

hydrogenases involved in interspecies hydrogen transfer have unusual structural 

features in common, such as intrinsic CO ligands. Despite this, [NiFe]-hydrogenases, 

[FeFe]-hydrogenases, and [Fe]-hydrogenases are not phylogenetically related at the 

level of their primary structure or at the level of the enzymes involved in their active-

site biosynthesis. 
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Formate dehydrogenases (FDHs) comprise a heterogeneous group of enzymes 

found in both prokaryotes and eukaryotes that catalyse the reversible oxidation of 

formate to CO2 and H+.  

HCOO– ⇌ CO2 + H+ + 2e–  Eq. 4 

The most common class is present in aerobic organisms, monomeric, without 

cofactors in the active site and mainly NAD(P)+-dependent (Ferry, 1990). However, 

the conversion of CO2 to formate results difficult in aerobic conditions because the 

redox potential of NADP+ is more positive than that of CO2 (Reda et al., 2008). In 

prokaryotes, on the other hand, formate dehydrogenases reversibly interconvert CO2 

and formate; they can be found in heterodimeric form (in subunits α, β, and γ), and 

contain a complex inventory of redox centres sensitive to oxygen (Reda et al., 2008; 

Bassegoda et al., 2014). The active sites of formate dehydrogenases from anaerobic 

prokaryotes include transition metals, such as molybdenum (Mo), tungsten (W) and 

non-heme iron, molybdopterin guanine dinucleotides as cofactors and in some cases 

a Sec residue. Inactivation by cyanide can be partially reversed by incubation with 

sulfide (Robinson et al., 2017). The cofactors are used to transfer the electrons from 

formate oxidation to an independent active site, to reduce quinone, protons, or 

NAD(P)+ (Reda et al., 2008). The high efficiency and specificity of isolated bacterial 

formate dehydrogenases have become appealing for environmental and industrial 

applications. There is increasing interest in developing biocatalysts that remove CO2 

electrochemically from the atmosphere as a mean of relieving global warming while 

producing fuels or chemical feedstocks (El‐Zahab et al., 2008; Yadav et al., 2012; 

Sakai et al., 2017) 

Hydrogenases and formate dehydrogenases are located in the periplasm or 

cytoplasm, either in soluble form or membrane-bound. Their location is important 

when analysing their role in interspecies electron transfer. Depending on the location 

in the cell, these enzymes may either be tuned for hydrogen/formate production, 

removing reducing equivalents, or hydrogen/formate uptake, providing electrons to 

the cell. 

The importance of hydrogen and formate as electron carriers is not limited to IET, 

but they are also used in other energy conservation mechanisms such as reverse 

electron transport and bifurcating/confurcating complexes that will be discussed 

below. Moreover, IET is not restricted either to methanogenic systems, as the 

research in other syntrophic cocultures indicate, for instance in Pelobacter 

carbinolicus and Geobacter sulfurreducens (Rotaru et al., 2012). 
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Direct interspecies electron transfer (DIET) 

A direct interspecies electron transfer mechanism in a coculture of Geobacter 

metallireducens and Geobacter sulfurreducens growing on ethanol and fumarate has 

been described (Summers et al., 2010). Direct interspecies electron transfer (DIET) 

has been proposed before in G. sulfurreducens and Shewanella oneidensis (Reguera 

et al., 2005; Gorby et al., 2006), where the authors proposed that electrically 

conductive pili-like appendages, termed nanowires, were involved in electron 

transferring from the cell surface to the surface of Fe(III) oxides. The mechanisms 

underlying DIET are still being investigated and debated (Reguera et al., 2005; 

Lovley and Malvankar, 2015). Besides the production of pili or nanowires as the 

structures utilized to transfer the electrons among cells, the requirement of a 

multitude of extracellular and periplasmic cytochromes has also been suggested 

(Larsen et al., 2015; Lovley, 2017). The first studies in DIET were limited to 

interactions of metal-reducing bacteria, such as Geobacter and Shewanella species, 

in which one bacteria oxidized ethanol while the other reduced fumarate (Liu et al., 

2012; Shrestha et al., 2013; Rotaru et al., 2014). More recently DIET has been 

investigated in methanogenic environments for syntrophic associations between 

Geobacter species and species of Methanosaeta and Methanothrix (Rotaru et al., 2014; 

Holmes et al., 2017; Rotaru et al., 2017). 

Although DIET might indeed play a role in syntrophic communities of anaerobic 

microorganisms, hydrogen and formate transfer among acetogenic bacteria and 

methanogens remains the best-established mechanism for interspecies electron 

transfer. 

Energy conservation mechanisms in anaerobic environments 

Conservation of energy by chemotrophic microorganisms is based on both substrate-

level phosphorylation and electron transport phosphorylation (Stams et al., 

2006). We have explained the energetic limitations faced by acetogenic bacteria in 

the absence of inorganic electron acceptors; and how IET and the establishment of 

syntrophic associations makes, the otherwise thermodynamically unfavourable, 

reduction of protons with NADH possible. But even under optimal syntrophic growth 

conditions, when hydrogen, formate, and acetate are low, the Gibbs free energy 

change for syntrophic metabolism is very close to the minimum increment of energy 

required for ATP synthesis, which is predicted to be about -15 to -20 kJ·mol-1 

(McInerney et al., 2009; Schink and Stams, 2013). Moreover, the available free 

energy must be shared by the different organisms (Schink, 1997). The energy 

conservation mechanisms used to establish and maintain a syntrophic lifestyle when 

the thermodynamic driving force is very low are not completely understood and have 

been subject of research over the last years. Research in anaerobic microorganisms 

has increased our understanding of the metabolic capabilities of bacteria and archaea 
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and helped to elucidate mechanisms such as reverse electron transport, flavin 

based electron bifurcation and its reversal, electron confurcation (Li et al., 2008; 

McInerney et al., 2011; Buckel and Thauer, 2013; Schink, 2015). 

Reverse electron transport (RET) 

Propionate and butyrate are important intermediates in the degradation of organic 

matter to methane (Dong et al., 1994; Schmidt and Ahring, 1995; Kleerebezem and 

Stams, 2000). Although propionate can be dismutated to acetate and butyrate by 

Smithella propionica (de Bok et al., 2001), the most common biochemical pathways 

of syntrophic propionate and butyrate oxidation are methylmalonyl-CoA pathway 

(MMC) and beta-oxidation, respectively (Figure 1.2). In MMC reducing equivalents 

are formed in the oxidation of succinate to fumarate, malate to oxaloacetate, and 

pyruvate to acetyl-CoA + CO2. These equivalents are released at the level of FADH2 

(enzyme bound), NADH and Fdred, respectively. In beta-oxidation the oxidation of 

hydroxybutyryl-CoA is NADH-dependent, but the oxidation of butyryl-CoA to 

crotonyl-CoA is the energetically most difficult step in butyrate conversion due to the 

high redox potential of this electron pair (E°' = -125 mV) (Losey et al., 2017), as the 

oxidation of succinate is the most energy-consuming step in MMC (Stams and 

Plugge, 2009). NADH oxidation coupled to hydrogen/formate formation is 

energetically feasible when the concentration of these compounds is kept low by 

methanogens. However, the oxidation of FADH2/FAD (E°'= -220 mV) would require 

much lower hydrogen or formate concentrations than those that can be achieved by 

methanogens (Stams et al., 2005). It has been estimated that to couple this step to 

proton or CO2 reduction would require a partial pressure of hydrogen (pH2) of 10-10 

Pa (Schink, 1997); while the minimal pH2 that methanogens can maintain is between 

1 to 10 Pa (Thauer et al., 2008). Therefore, by means of a reverse electron flow 

mechanism, acetogenic bacteria invest metabolic energy to make protons accessible 

to accept electrons from FADH2. This mechanism is known as reverse electron 

transport (RET) (Schink, 1997; van Kuijk et al., 1998b; Schink and Stams, 2013). 

During RET energy is invested in the form of ATP to generate a proton gradient 

across the membrane which allows butyryl-CoA and succinate oxidation to proceed 

(Stams and Plugge, 2009). Several membrane-bound proteins like butyryl-CoA 

dehydrogenase, succinate dehydrogenases, Ech and Rnf to cytochromes and 

periplasmic formate dehydrogenases and hydrogenases, have been reported to be 

involved in RET (Müller et al., 2009; Sieber et al., 2012; Grein et al., 2013; Schmidt 

et al., 2013; Sieber et al., 2015). Therefore, reverse electron transport makes use of 

membrane-associated respiratory chains (Müller et al., 2010). However, the 

discovery in the last decade of soluble enzyme complexes that use the energy of a 

favourable redox reaction to drive an unfavourable redox reaction established the 

bases for the recognition of a third mechanism of biological energy conservation 

(McInerney et al., 2009; Stams and Plugge, 2009; Peters et al., 2016). 
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Figure 1.2. Metabolic pathways for acetate, propionate and butyrate conversion 

by bacteria that can grow in syntrophy with methanogens. Modified from 

(Worm et al. 2014) 

Electron bifurcation and electron confurcation 

Electron bifurcation is an energy conservation mechanism in which an endergonic 

reduction reaction is catalysed by coupling it to two exergonic oxidation reactions 

(Herrmann et al., 2008). Electron confurcation is the reversal of electron bifurcation 

(Buckel and Thauer, 2013; Schink, 2015). Hence, in electron bifurcation a pair of 

electrons is acquired at intermediate reduction potential (intermediate reducing 

power) and each electron is passed to a different acceptor, one with lower and the 

other with higher reducing power, leading to 'bifurcation’. While in electron 

confurcation a two-electron acceptor of intermediate reduction potential 

simultaneously accepts electrons from electron donors with more negative and more 

positive potentials (Figure 1.3) (Peters et al., 2016; Hoben et al., 2017). 

The principle of electron bifurcation was originally proposed for a butyryl-CoA 

dehydrogenase/electron transferring flavoprotein complex (Bcd-Etf) in Clostridium 

kluyveri (Li et al., 2008). Later, three more flavin-containing complexes from 

anaerobic bacteria and archaea were described: [FeFe]-hydrogenases (Hyd), 

transhydrogenases (NfnAB) and [NiFe]-hydrogenase/heterodisulfide reductases 



22 

(MvhADG–HdrABC) (Schut and Adams, 2009; Kaster et al., 2011b; Huang et al., 

2012; Buckel and Thauer, 2013). Up to date, at least seven types of reactions are 

known to be catalysed by bifurcating flavoenzymes (Peters et al., 2016; Zhang et al., 

2017). 

 

Figure 1.3. Scheme depicting electron transfer in bifurcating (left) and 

confurcating (right) complexes. In bifurcation a two-electron donor (D) of 

intermediate reduction potential (E°') simultaneously provides electrons to electron 

acceptors with more negative (A1) and more positive (A2) potentials. While in confurcation 

a two-electron acceptor (A) of intermediate E°' simultaneously accepts electrons from 

electron donors with more negative (D1) and more positive (D2) E°'. Modified from (Peters 

et al., 2016) 

The discovery of the bifurcating complex Bcd-Etf in C. kluyveri opened the possibility 

and quest to find similar complexes that could perform the reverse during syntrophic 

fatty acid oxidation (Müller et al., 2009). After the description of the confurcating 

hydrogenase that couples the energetically unfavourable formation of hydrogen from 

NADH with the energetically favourable formation of hydrogen from reduced 

ferredoxin (Schut and Adams, 2009), homologs to this hydrogenase complex were 

found in Syntrophomonas wolfei and S. fumaroxidans genomes (Müller et al., 2010; 

Sieber et al., 2010). Currently confurcating hydrogenases are found in the genomes 

of all hydrogen-generating syntrophs described to date (Sieber et al., 2012; Worm et 

al., 2014). Electron bifurcation from formate has also been described (Costa et al., 

2010; Costa et al., 2013b; Wang et al., 2013b) 

Hydrogenotrophic methanogens use electron bifurcation as a primary energy 

coupling step in methanogenesis from CO2 (Costa et al., 2010; Kaster et al., 2011b). 

In the case of the hydrogenotrophic methanogenic pathway the bifurcation process 

involves a formylmethanofuran dehydrogenase (Fmd), an heterodisulfide reductase 

(Hdr) complex and an F420-non-reducing hydrogenase (Mvh) or a formate 

dehydrogenase (Fdh) that connects the final step of methanogenesis to the initial 

reduction of CO2 (Lie et al., 2012; Costa and Leigh, 2014). 

The details of how these flavoprotein complexes couple energetically downhill and 

uphill redox reactions are still under research, but the process is remarkable from 
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both thermodynamic and kinetic perspectives (Lubner et al., 2017). How can proteins 

drive two electrons from a redox active donor onto two acceptors at very different 

potentials and distances? And how can this transaction be conducted without 

dissipating energy very much or violating the laws of thermodynamics? (Zhang et al., 

2017). Moreover, it was proposed that bifurcation is mediated by a flavin, however 

there are numerous flavoenzymes that can carry two-electrons but cannot perform 

electron bifurcation (Garcia Costas et al., 2017; Hoben et al., 2017); it remains 

important to identify factors required for a flavin site to execute bifurcation. The 

number of genes encoding bifurcating/confurcating proteins found in many anaerobic 

microorganisms, indicates that the presently known flavin-based electron-

bifurcating enzyme complexes are only the tip of an iceberg. 

Anaerobic degradation of propionate 

Syntrophy and sulfate reduction 

Propionate oxidation coupled to hydrogen or formate production is endergonic under 

standard conditions (Table 1.1). However, when propionate oxidation is coupled to 

methane production the conversion is energetically feasible (Eq. 2). The oxidation of 

propionate coupled to sulfate reduction is also an energy yielding reaction, Equation 

5: 

4 Propionate− + 3 SO4
-2 → 4 Acetate- + 4 HCO3

- + 3 HS- + H+ 

ΔGº’= -37.7 kJ/mol 

Consequently, syntrophic fatty acid-degrading communities in anaerobic 

environments may be affected by the presence of sulfate. When sulfate is present, 

sulfate-reducing bacteria (SRB) compete with methanogens for hydrogen, formate 

and acetate, and with syntrophic methanogenic communities for substrates like 

propionate and butyrate (Muyzer and Stams, 2008). While many SRB can grow 

without sulfate and are engaged in syntrophic associations with methanogens, others 

lack this ability (Worm et al., 2014). For instance, Syntrophobacter species can use 

propionate in syntrophy with hydrogenotrophic methanogens, or alone if sulfate is 

available (Plugge et al., 2011; Liu and Conrad, 2017). Pelotomaculum species on the 

other hand do not possess the ability to couple propionate oxidation with sulfate 

reduction (Imachi et al., 2007). 

Sulfate reduction is a respiratory process which includes oxidative phosphorylation 

through a still incompletely understood electron transfer pathway (Muyzer and 

Stams, 2008). Analysis of distinct organisms capable of sulfate reduction has helped 

to identify the minimal set of proteins required for this metabolic activity: Sulfate 

adenylyltransferase (Sat), APS reductase (AprAB), dissimilatory sulfite reductase 
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(DsrAB) and DsrC and sulfate transporters (Pereira et al., 2011). Genomic studies 

have revealed that sulfate-reducing microorganisms use diverse processes for energy 

conservation involving membrane-based chemiosmotic or soluble flavin-based 

electron bifurcation mechanisms. Many of these proteins such as proton-

translocating pyrophosphatase (HppA) or DsrC are also present in other non-sulfate-

reducing bacteria, whereas others like heterodisulfide reductases-related proteins 

are shared with methanogens (Grein et al., 2013). 

One of the remaining important questions about sulfate reduction was the nature of 

the electron donors to the terminal reductases AprAB and DsrAB (Pereira et al., 

2011). Recent studies have shown that a QmoABC membrane complex might serve 

as the physiological electron donor for AprAB, coupling the quinone-pool to sulfate 

reduction (Duarte et al., 2016). Moreover, the role of the DsrC trisulfide as the 

product of sulfite reduction by DsrAB and its link to energy conservation has also 

been reported recently (Santos et al., 2015). A glance into the versatile redox 

machinery of SRB involving membrane complexes such as Qrc, Qmo, DsrMKJOP, 

Nuo, Tmc, Hmc as well as cytoplasmic energy-conserving enzymes such as Hdr and 

Flox is helping to better understand the nature of prokaryotic energy metabolism 

(Grein et al., 2013; Rabus et al., 2015; Ramos et al., 2015; Santos et al., 2015). 
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Thesis outline 

The aim of this thesis is to gain insight into the molecular mechanisms used in 

anaerobic propionate degradation. In this thesis, the capacity of a model bacterium, 

Syntrophobacter fumaroxidans, to degrade propionate in syntrophy with 

methanogens, and in pure culture with different electron acceptors, was investigated. 

Special emphasis was given to the enzyme complexes used for energy conservation 

and interspecies electron transfer. Moreover, an in-depth analysis of the 

methanogenic partners and a sulfate-reducing partner was included in this work. 

Chapter 2 addresses the fundamental and ecologically important question of why 

some microorganisms are able to engage in syntrophy with methanogens while 

others are not. A functional analysis of protein domains of a selected group of bacteria 

was performed. The bacterial strains were selected based on genome availability and 

their ability to grow on short chain fatty acids alone or in syntrophic association with 

methanogens. The research shows, at genomic level, the molecular mechanisms 

available in syntrophic bacteria that could facilitate syntrophic interactions with 

methanogens. The presence of periplasmic formate dehydrogenases and their 

maturation protein FdhE was found to be a typical difference between syntrophic 

and non-syntrophic butyrate and propionate degraders. Furthermore, a domain 

(CapA) putatively involved in capsule or biofilm production and another domain 

(FtsW/RodA/SpoVE) involved in cell division, shape-determination or sporulation 

seemed to be associated with the ability of syntrophic growth.  

In Chapter 3 the metabolic flexibility of Syntrophobacter fumaroxidans to grow in 

syntrophy or as sulfate-reducing bacterium was assessed. The metabolic flexibility 

of sulfate-reducing bacteria to form syntrophic associations, despite their ability to 

reduce sulfate and oxidize fatty acids on their own, is an important topic that has 

been investigated to gain knowledge about the dynamics and resilience of anaerobic 

microbial communities. Perturbations in sulfidogenic pure cultures of S. 

fumaroxidans and in methanogenic cocultures of the bacteria with Methanospirillum 

hungatei were performed. Desulfovibrio desulfuricans was also used as an 

alternative syntrophic partner of S. fumaroxidans in sulfate rich environments. 

Growth of D. desulfuricans in the coculture with S. fumaroxidans, would only be 

possible if Syntrophobacter transferred electrons to D. desulfuricans via hydrogen 

or/and formate. Although growth of D. desulfuricans in the coculture was verified, it 

could not be clearly shown that S. fumaroxidans switched its metabolism from 

sulfidogenesis to syntrophy. 

In Chapter 4 a proteomic comparison of five growing conditions of Syntrophobacter 

fumaroxidans is discussed. Proteomic data of S. fumaroxidans growing with 

propionate axenically with sulfate or fumarate, and in syntrophy with 

Methanospirillum hungatei, Methanobacterium formicicum or D. desulfuricans was 
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analysed. Confurcating enzymes, formate dehydrogenases, hydrogenases, and other 

IET complexes and energy conservation mechanisms were scrutinized. Enzymes 

associated with sulfate reduction were also widely discussed. A brief proteomic 

analysis of the sulfate-reducing partner D. desulfuricans is also included in the 

chapter. 

Chapter 5 completes and widens the proteomic analysis of the propionate-degrading 

syntrophic bacterium S. fumaroxidans by analysing the genome and proteome of the 

two methanogenic partners. The enzymes used in methanogenesis and energy 

conservation are discussed for M. hungatei and M. formicicum. Differences between 

the methanogens and among the cultured conditions (growth in H2/CO2, formate and 

in syntrophy with S. fumaroxidans) are described in detail. M. formicicum uses a 

F420-non-reducing hydrogenase (MvhADG) for bifurcation with the 

formylmethanofuran dehydrogenase (Fmd) and heterodisulfide reductase (Hdr). M. 

hungatei on the other hand employs an F420-reducing hydrogenase (FrhADGB). 

Differential production of enzymes involved in the methanogenic pathway as well as 

in diverse extracellular structures such as archaellum and pili are described in the 

analysis. Although both methanogens can grow on hydrogen and formate, the 

mechanisms available in their genome and the produced proteins, point to the use of 

hydrogen, in M. formicicum, and of formate, in M. hungatei, as electron carriers in 

their metabolism. 

Throughout the thesis it is emphasized that formate and hydrogen are important 

intermediates in the anaerobic degradation of organic matter for which different 

microbes compete. In Chapter 6 the performance and robustness to high loading 

tests of an anaerobic membrane bioreactor (AnMBR) was evaluated. Considering 

that an increase in hydrogen might be useful to predict disturbances between 

fermentative processes and methanogenesis, we investigated if monitoring hydrogen 

can be used as an early warning indicator of process instability. The study analysed 

microbial community composition with next-generation sequencing techniques., 

process parameters and performance during the start-up and stable operation of a 

mesophilic AnMBR treating pot ale, as well as the resilience of the bioreactor and its 

biomass to overloading events.  

Chapter 7 summarizes the findings of this thesis, discusses the outcome in a broader 

setting and provides future perspectives for research. The molecular mechanisms 

used by bacteria and archaea in syntrophy, methanogenesis and sulfate reduction 

are discussed in an integrative way. 
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CHAPTER 2 

 

A genomic comparison of syntrophic and non-

syntrophic butyrate- and propionate-

degrading bacteria points to a key role of 

formate in syntrophy 

 

 

 

 

This chapter is adapted from Worm P., Koehorst J.J., Visser M., Sedano-Núñez V.T., 

Schaap P.J., Plugge C.M., Sousa D.Z. and Stams A.J.M. (2014) A genomic view on 

syntrophic versus non-syntrophic lifestyle in anaerobic fatty acid degrading 

communities. 1837:12, 2004–2016 
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Abstract 

In sulfate-reducing and methanogenic environments complex biopolymers are 

hydrolysed and degraded by fermentative microorganisms that produce hydrogen, 

carbon dioxide and short chain fatty acids. Degradation of short chain fatty acids can 

be coupled to methanogenesis or to sulfate reduction. Here we study from a genome 

perspective why some of these microorganisms are able to grow in syntrophy with 

methanogens and others are not. Bacterial strains were selected based on genome 

availability and upon their ability to grow on short chain fatty acids alone or in 

syntrophic association with methanogens. Systematic functional domain profiling 

allowed us to gain insight on this fundamental and ecologically important question. 

Extra-cytoplasmic formate dehydrogenases (InterPro domain number; IPR006443), 

including their maturation protein FdhE (IPR024064 and IPR006452) is a typical 

difference between syntrophic and non-syntrophic butyrate and propionate 

degraders. This also implies that formate is an important electron carrier in 

syntrophic butyrate and propionate degradation. Furthermore, two domains with a 

currently unknown function seem to be associated with the ability of syntrophic 

growth. One is putatively involved in capsule or biofilm production (IPR019079) and 

a second in cell division, shape-determination or sporulation (IPR018365). The 

sulfate reducing bacteria Desulfobacterium autotrophicum HRM2, Desulfomonile 

tiedjei and Desulfosporosinus meridiei were never reported for syntrophic growth, 

but all crucial domains were found in their genomes, which suggests their possible 

ability to grow in syntrophic association with methanogens. In addition, profiling 

domains involved in electron transfer mechanisms revealed the important role of the 

Rnf-complex and the formate transporter in syntrophy, and indicates that DUF224 

may have a role in electron transfer in bacteria other than Syntrophomonas wolfei 

as well. 

 

Keywords: Syntrophy, propionate, butyrate, formate, interspecies electron transfer, 

functional profiling. 
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Introduction  

Environments with a low redox potential are abundantly present on earth, especially 

in the deeper zones of marine and freshwater sediments. The low redox potential is 

created by the depletion of oxygen and the formation of hydrogen sulfide in the 

anaerobic degradation of organic matter. In the decomposition of sulfur-containing 

organic compounds such as the amino acids (cysteine and methionine) and cofactors 

(biotin and thiamine) hydrogen sulfide is released. Additionally, hydrogen sulfide is 

formed by anaerobic microorganisms that respire with sulfate or other sulfur 

compounds, such as thiosulfate and elemental sulfur. This respiratory type of 

sulfidogenesis is quantitatively most important (Blank, 2009; Shao et al., 2010; Offre 

et al., 2013). 

Respiratory sulfate reduction is an important process in nature, especially in marine 

sediments where the sulfate concentration is high (about 20 mM) (Muyzer and 

Stams, 2008). In freshwater environments that are generally low in sulfate, sulfate 

reduction does not play an important role unless hydrogen sulfide is rapidly oxidized 

by sulfide-oxidizing microbes (Lovley and Klug, 1983; Luther et al., 2011). In sulfate-

depleted anoxic environments methanogenesis is the most abundant process 

(Laanbroek et al., 1982), (Stams and Plugge, 2009). Interestingly, in marine 

environments methanogenesis occurs as well, especially in zones where the available 

sulfate is not sufficient to degrade organic matter (Ferry and Lessner, 2008). In both 

marine and freshwater environments microbes involved in sulfate-reduction and 

methanogenesis interact strongly with each other, and this interaction is strongly 

depending on the availability of sulfate. Generally, sulfate reduction is favoured over 

methanogenesis when sufficient sulfate is present (Muyzer and Stams, 2008; Stams 

and Plugge, 2009).  

In sulfate-reducing and methanogenic environments organic material is degraded in 

a cascade process. Complex biopolymers are first hydrolysed and degraded by 

fermentative microorganisms that produce hydrogen, carbon dioxide and organic 

compounds, typically organic acids (butyrate, propionate, acetate and formate) as 

products. In sulfate-reducing environments these compounds are the common 

substrates for sulfate-reducing microorganisms. Phylogenetically and physiologically 

sulfate reducing microorganisms are very diverse (Muyzer and Stams, 2008). 

Phylogenetically they occur in the bacterial and archaeal domain of life. Some sulfate 

reducers have the ability to grow autotrophically with H2 and sulfate as energy 

substrates. Often these autotrophs are the sulfate reducers that are also able to 

degrade acetate completely to CO2, employing the reversible Wood-Ljungdahl 

pathway for acetate degradation and acetate formation (Hansen, 1994). 

In methanogenic environments, methanogens use H2/CO2, formate and acetate as 

the main substrates (Liu and Whitman, 2008). Methanogenic archaea belong to 
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different phylotypes. The ability to use acetate is restricted to archaea belonging to 

the order Methanosarcinales, with Methanosarcina and Methanosaeta as important 

genera. The ability to grow with H2/CO2 and formate occurs in most of the currently 

described orders of methanogens (Liu and Whitman, 2008). Higher organic 

compounds such as propionate and butyrate, that are typical intermediates in 

methanogenic environments, are not degraded by methanogens. Therefore, 

acetogenic bacteria are required to degrade such compounds to the methanogenic 

substrates acetate, formate and H2/CO2 (McInerney et al., 2008; Stams and Plugge, 

2009). For thermodynamic reasons such bacteria can only degrade propionate and 

butyrate when the products are efficiently taken away by methanogens. Thus, these 

acetogenic bacteria grow in obligate syntrophy with methanogens. The methanogenic 

substrates acetate and formate may be degraded by syntrophic communities as well 

(Dolfing et al., 2008; Hattori, 2008). Syntrophic acetate degradation especially occurs 

under conditions at which the activity of acetoclastic methanogens is low such as a 

high temperature and high levels of ammonium (Hattori, 2008).   

Though the basic concepts of sulfate reduction and methanogenesis are clear, it is 

not very clear how sulfate-reducing and methanogenic communities in freshwater 

and marine sediments are responding to changes in the sulfate availability. The 

metabolic flexibility of sulfate reducing bacteria has been addressed recently (Plugge 

et al., 2010; Plugge et al., 2011; Meyer et al., 2013). Several sulfate reducers are able 

to grow acetogenically in syntrophic association with methanogens which is for 

instance the case for Syntrophobacter fumaroxidans growing with propionate. 

Nevertheless, not all sulfate reducers possess the ability to switch from a sulfate-

dependent lifestyle to a syntrophic lifestyle. For instance, Desulfobulbus propionicus 

is a bacterium that grows with propionate and sulfate, but it is not able to grow with 

propionate in syntrophy with methanogens. Similarly, the thermophilic sulfate 

reducer Desulfotomaculum kuznetsovii is able to degrade propionate with sulfate, but 

it is not able to grow in syntrophy with methanogens, while the phylogenetically 

closely related non-sulfate-reducing bacterium Pelotomaculum thermopropionicum 

grows with propionate in syntrophy with methanogens (Imachi et al., 2002). 

This study focusses on syntrophic degradation of short chain fatty acids (SCFA) such 

as butyrate, propionate and acetate. In contrast to syntrophic degradation of ethanol 

and lactate, syntrophic SCFA degradation occurs at the limit of what is 

thermodynamically possible and requires at least one step with reversed electron 

transport (Schink, 1997). Here we address a fundamental and ecologically important 

question: “what are the key properties that make a SCFA degrading bacterium able 

to grow in syntrophy with methanogens and another not”. The availability of genome 

sequences of bacteria that can and bacteria that cannot grow with SCFA in 

syntrophic association may allow to identify key genes in syntrophy. 
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Microbial functions required for syntrophic growth 

Functional profiling strategies 

Bacterial strains were selected based on genome availability, and ability to grow on 

short chain fatty acids syntrophically or not. Sulfate reducers that grow on short 

chain fatty acids, whose genomes are available and currently have not been tested 

for syntrophic growth were included in our analysis (Table 2.1). Correct codon usage 

of sequences coding for selenocysteine-containing formate dehydrogenases and 

hydrogenases was verified. Our strategy was to compare first bacteria that degrade 

propionate and butyrate, and then to identify if similarities can also be found in 

acetate degraders. Functional domain profiles were obtained with InterProScan 5 

(version 5RC7, 27th January 2014). To get more insight into microbial functions 

required for syntrophic growth, domain based functional profiles of five butyrate and 

or/ propionate-degrading syntrophs were compared with the non-syntrophs 

Desulfobulbus propionicus and Desulfotomaculum kuznetsovii. Domains only present 

in syntrophs are listed in Table 2.1. Genomes of sulfate reducers that degrade 

butyrate and/or propionate, but were never tested for syntrophy, were screened for 

these domains (Table 2.1). 

Functional domains assigned to proteins involved in electron transport were 

separately analysed.  Domains that were unique for each protein were selected. 

Genomes of short chain fatty acid degrading syntrophs, non-syntrophs and sulfate 

reducers that never have been tested for syntrophy were screened for these domains 

(Table 2.2). Electron transport mechanisms in short chain fatty acid degrading 

syntrophs and non-syntrophs were predicted from their genomes by using the tools 

described below.  

Electron transfer complexes predicted from genome analysis 

Gene analysis started with automatic annotations of genomes from DOE-Joined 

Genome Institute (Markowitz et al., Version 4.2. November 2013). NCBI-pBLAST 

analysis with sequences from biochemically confirmed active subunits, was used to 

indicate the presence of gene clusters coding for formate dehydrogenases, 

hydrogenases, Electron transfer flavoprotein (Etf) and Rnf complexes in the genomes 

of Syntrophomonas wolfei, Syntrophus aciditrophicus, Syntrophothermus 

lipocalidus, Syntrophobacter fumaroxidans, Pelotomaculum thermopropionicum, 

Desulfotomaculum kuznetsovii, and Desulfobulbus propionicus. N-terminal amino 

acid sequences that corresponded to formate dehydrogenase 1 and -2 of S. 

fumaroxidans were used to find the gene clusters that code for these enzymes. To 

identify cofactor binding motifs, transmembrane helices, and twin-arginine 

translocation motifs in the N-terminus we used the Pfam protein families database 

version 27.0 (March 2013) (Punta et al., 2012), TMHMM Server v. 2.0 (Moller et al., 
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2001) and the TatP 1.0 Server (Bendtsen et al., 2005) respectively. RNA loop 

predictions with Mfold version 3.2. were used to predict incorporation of 

selenocysteine (Mathews et al., 1999; Zuker, 2003). We compared the predicted RNA 

loop in the 50-100 bp region downstream of the UGA-codon with the consensus loop 

by (Zhang and Gladyshev, 2005). Sequences with similarity to iron-only or [FeFe]-

hydrogenases, were manually analysed for the presence of conserved H-cluster 

residues (Stothard, 2000). Bifurcation of electrons can occur via FAD, without the 

presence of iron-sulfur clusters (Buckel and Thauer, 2013). When a FAD binding 

domain was predicted by Pfam we propose that electrons from reduced ferredoxin 

and NADH can confurcate. In some cases, also an NADH binding site and/or iron 

sulphur cluster binding motifs were found with Pfam. Cofactor binding to NADH: 

ubiquinone oxidoreductase subunits in bacteria as listed by Yano and co-workers 

(Yano, 2002) was predicted based on domain similarity as determined by Pfam. We 

predict that enzyme complexes with an NADH binding domain, iron-sulfur clusters 

and a domain binding Mo/W, Se or hydrogen and not necessarily flavin, might have 

electron confurcating functions. Iron-only hydrogenases ([Fe]-hydrogenases) do not 

contain Fe-S clusters nor Ni or Fe and were initially referred to as “metal-free” 

hydrogenases. They are present mainly in methanogens, belong to a phylogenetically 

distinct class and their function in bacteria is not clear (Vignais and Billoud, 2007).  

Domain based genome comparison of syntrophic and non-syntrophic 

propionate and/or butyrate degraders 

Six domains are present in the genomes of all analysed butyrate and/or propionate 

degrading syntrophs and not in non-syntrophs (Table 2.1). Domain “IPR006443” is 

exclusively present in the extra-cytoplasmic formate dehydrogenase (FDH) alpha 

subunit. Domains “IPR024064 and IPR006452” both belong to FdhE. The gene fdhE 

in Escherichia coli is required for maturation of the membrane bound FDH-complex 

(Schlindwein et al., 1990). The fact that extra-cytoplasmic formate dehydrogenases 

are only present in syntrophs and not in non-syntrophs strongly indicates that extra-

cytoplasmic formate production is essential for syntrophic propionate and butyrate 

oxidation, and that formate plays a major role in interspecies electron transfer. The 

redox potential of the couple proton / hydrogen (E0’= -414 mV) is slightly higher than 

the redox potential of the couple CO2 / formate (-432 mV). The preference in 

syntrophic fatty acid-degrading communities has not been clear thus far, but a 

syntrophic relationship in which both hydrogen and formate can be transferred 

would be more flexible than when only hydrogen is transferred (Sieber et al., 2014). 

Moreover, multiple studies indicate that interspecies formate transfer is of 

significant importance in syntrophic degradation of butyrate and propionate. For 

example, Syntrophobacter fumaroxidans and Syntrophospora bryantii oxidize 

propionate and butyrate, respectively, in syntrophy with hydrogen and formate-

using methanogens such as Methanospirillum hungatei and Methanobacterium 
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formicicum, but not with the hydrogen only-using Methanobrevibacter arboriphilus 

(Jackson et al., 1999). In analogy with this, S. wolfei oxidizes butyrate faster with 

the formate and hydrogen-using M. hungatei than with the hydrogen-only using M. 

arboriphilus (McInerney et al., 1981). The importance of formate transfer in S. wolfei 

cocultures is supported further by the observed involvement of an extra-cytoplasmic 

formate dehydrogenase in the final reduction of CO2 with electrons generated by the 

butyryl-CoA to crotonyl-CoA conversion (Schmidt et al., 2013). Moreover, this extra-

cytoplasmic formate dehydrogenase was more expressed during syntrophic growth 

compared to axenic growth (Schmidt et al., 2013). 

Domain “IPR019079”, named CapA, was found in genomes of all short chain fatty 

acid degrading syntrophs (including acetate oxidizers, data not shown) and was not 

present in the genomes of the two non-syntrophs (Table 2.1). CapA is part of a 

membrane bound complex that synthesizes poly--glutamate to form a capsule or 

biofilm in Bacillus subtilis, B. anthracis, Staphylococcus epidermidis and 

Fusobacterium nucleatum (Candela and Fouet, 2006; Morikawa et al., 2006; Candela 

et al., 2009). The presence of this domain in SCFA degrading bacteria may contribute 

to the formation of exopolymeric substances that may facilitate syntrophic growth. 

Domain “IPR018365” is present in FtsW, RodA, SpoVE, that are membrane 

integrated proteins involved in cell division, shape-determination and sporulation in 

Escherichia coli and Bacillus subtilis (Ikeda et al., 1989; Joris et al., 1990; 

Mohammadi et al., 2014). What the exact function of this domain is in syntrophic 

butyrate and propionate degraders is unclear. The domain “IPR020539” that seems 

exclusively present in syntrophs in our analysis belongs to the protein Ribonuclease 

P which removes extra residues at the 5’- side from precursor tRNA, resulting in 

mature tRNA. However, what its function could be in syntrophic growth is unclear, 

but just coincidence cannot be excluded. As can be seen from Table 2.1, only one copy 

of this domain is present in the genome of a syntrophic bacterium, whereas for the 

domains involved in periplasmic formate dehydrogenases, CapA-domains and Cell 

cycle FtsW / RodA / SpoVE- domains, more copies are present. Furthermore, domain 

co-occurrence suggests that D. autotrophicum HRM2, D. tiedjei and D. meridiei are 

able to adopt a syntrophic lifestyle on SCFA.  

Domain based functional profiling of electron transfer mechanisms 

 For syntrophic butyrate and propionate degradation, electron transfer mechanisms 

are required to transfer electrons to the terminal acceptor, which can be sulfate 

during sulfidogenic lifestyle or protons and/or CO2 during syntrophic lifestyle. As the 

previous paragraph focussed on functional domains that are present in all syntrophic 

and not in non-syntrophic propionate and/or butyrate degraders, here we profile the 

functional domains involved in electron transfer mechanisms (Table 2.2). 
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As can be seen from Table 2.2, cytoplasmic and extra-cytoplasmic formate 

dehydrogenases contain InterPro domains that are unique for each protein. 

“IPR006443” is only present in extra-cytoplasmic FDH’s, not in cytoplasmic FDH’s 

whereas “IPR027467”, “IPR006655” and “IPR006478” of cytoplasmic FDH, are not 

present in extra-cytoplasmic FDH’s. Domains of cytoplasmic FDH’s are present in 

genomes of syntrophs and non-syntrophs, whereas the domain of extra-cytoplasmic 

FDH’s is present only in syntrophs. Formate transporter linked domains are absent 

in genomes of non-syntrophs whereas they are present in a number of syntrophs. 

These observations again point to the importance of formate as interspecies electron 

carrier.  

The membrane bound Rnf complex that can conserve energy by the reversible 

translocation of protons or sodium ions from ferredoxin oxidation with NAD+ 

(Tremblay et al., 2012) was not found in non-syntrophs but is present in several 

syntrophs. As syntrophs live at the limit of what is energetically possible (Schink, 

1997; Scholten and Conrad, 2000; McInerney et al., 2007) they contain mechanisms 

to conserve energy from ferredoxin oxidation with NAD+. Furthermore, recently the 

domain with unknown function “DUF224” was shown to play a role in electron 

transport from an electron transfer flavoprotein (ETF) towards membrane-bound 

electron transfer components in S. wolfei (Schmidt et al., 2013). DUF224 is present 

in 18 genomes from which 17 also contain domains linked to ETF complexes. This 

indicates that DUF224 may have a role in electron transfer in bacteria other than S. 

wolfei as well. 

Energetics and metabolism of syntrophic butyrate and propionate 

degradation. 

Energy conservation mechanisms 

For microbial maintenance and growth, the energy that is released from catabolic 

reactions has to be converted into energy that can be used to perform anabolic 

reactions. Therefore, energy is conserved as ATP by substrate level phosphorylation 

or via a proton or sodium gradient over the cytoplasmic membrane, termed electron 

transport phosphorylation. Membrane bound enzyme complexes are required to 

build a proton gradient over the membrane while other membrane bound enzyme 

complexes are required to use the proton gradient. The membrane bound enzyme 

complex ATP synthase can either use the proton gradient for ATP synthesis or ATP 

hydrolysis to build the proton gradient.  

In addition to substrate level phosphorylation and the proton gradient over the 

cytoplasmic membrane, an only recently discovered process called flavin-based 

electron bifurcation has been considered as a third mechanism for energy 

conservation (Buckel and Thauer, 2013). In the last decade, several of such 
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cytoplasmic bifurcation complexes were determined in Bacteria and Archaea (Li et 

al., 2008; Schut and Adams, 2009; Wang et al., 2010; Kaster et al., 2011b; Huang et 

al., 2012; Buckel and Thauer, 2013; Costa et al., 2013b; Wang et al., 2013a; Wang et 

al., 2013b). Instead of coupling two redox reactions, as is performed by commonly 

known redox proteins, bifurcation (and the reversed reaction termed confurcation) 

enzyme complexes couple three redox reactions. With this concept, energy that would 

otherwise have been lost can be conserved or endergonic reactions can be coupled to 

exergonic reactions and reducing equivalents that are generated can be re-oxidized 

efficiently. For instance, endergonic reduction of ferredoxin with NADH is coupled to 

the exergonic reduction of crotonyl-CoA to butyryl-CoA by the butyryl-CoA / electron 

transfer flavoprotein complex of Clostridium kluyveri (Li et al., 2008). Another 

example is the [FeFe]-hydrogenase complex of Thermotoga maritima that couples 

reversible ferredoxin reduction with hydrogen to NAD+ reduction (Schut and Adams, 

2009). In addition to cytoplasmic bifurcating enzyme complexes, membrane bound 

complexes (Rnf-complexes) were recently shown to conserve energy by the reversible 

translocation of protons or sodium from ferredoxin oxidation with NAD+ (Biegel et 

al., 2011). The energy conserving hydrogenase (Ech) has a similar function, but 

performs the proton or sodium translocation by ferredoxin oxidation with hydrogen 

production (Hedderich and Forzi, 2005).  

Syntrophic butyrate degradation 

Butyrate oxidation coupled to hydrogen or formate production is endergonic under 

standard conditions. This is shown by the positive Gibbs free energy changes; + 48 

kJ and + 45 kJ, respectively (Table 1.1). When butyrate oxidation is coupled to 

methane production the conversion is energetically feasible. To share this energy 

between the syntrophic butyrate oxidizer and the methanogen in such a manner that 

both organisms gain enough energy to grow, the hydrogen and formate 

concentrations have to be kept in a low range (Schink, 1997). Syntrophomonas wolfei, 

Syntrophus aciditrophicus and Syntrophothermus lipocalidus can couple butyrate 

oxidation to syntrophic growth with methanogens and cannot grow in pure culture 

with any electron acceptor (Beaty and McInerney, 1990; Jackson et al., 1999; 

Sekiguchi et al., 2000).  

All known syntrophic butyrate degraders oxidize butyrate via the beta-oxidation 

pathway (Table 2.4, Figure 1.2) (McInerney et al., 2007; Stams and Plugge, 2009). 

This pathway includes two reactions that generate electron pairs and one reaction 

that generates ATP. This ATP partially has to be invested in the endergonic 

conversion of butyryl-CoA to crotonyl-CoA. The biochemical mechanism that enables 

investment of a fraction of ATP for the endergonic conversion of butyryl-CoA to 

crotonyl-CoA has recently been revealed in S. wolfei. Electrons that are generated by 

the conversion of butyryl-CoA to crotonyl-CoA travel via butyryl-CoA dehydrogenase 

(encoded by genes with locus tags Swol_1933 and Swol_2053), an electron transfer 



42 

flavoprotein (encoded by Swol_0696-7) and a membrane anchored protein that was 

annotated as DUF224 (encoded by Swol_0698) to the menaquinone pool in the 

membrane. Oxidation of reduced menaquinone is then coupled to formate generation 

by a membrane anchored extra-cytoplasmic formate dehydrogenase (encoded by 

Swol_0797-800) (Schmidt et al., 2013). This reaction is driven by the proton motive 

force. The produced formate is used by the methanogen. The second reaction that 

generates electrons and protons is the conversion of hydroxybutyryl-CoA to 

acetoacetyl-CoA which is endergonic when coupled via NAD+ to hydrogen or formate 

production. Most likely in S. wolfei this involves the [FeFe]-hydrogenase (encoded by 

Swol_1017-19) that forms a cytoplasmic complex with a formate dehydrogenase 

(Swol_0783-6) (Müller et al., 2009). 

Syntrophic propionate degradation 

Propionate oxidation coupled to hydrogen or formate production is endergonic under 

standard conditions. This is shown by the positive Gibbs free energy changes; + 76 

kJ and + 72 kJ respectively (Table 1.1). However, when propionate oxidation is 

coupled to methane production the conversion is energetically feasible. To share 

energy between the syntrophic propionate oxidizer and the methanogen in such a 

manner that both organisms gain enough energy to grow, the hydrogen and formate 

concentrations have to be kept in a low range (around 40 Pa) (Schink, 1997). 

Smithella propionica, Syntrophobacter fumaroxidans and Pelotomaculum 

thermopropionicum are able to couple propionate oxidation to syntrophic growth with 

methanogens (Harmsen et al., 1998; Liu et al., 1999; Imachi et al., 2002; Kosaka et 

al., 2006). Smithella propionica degrades propionate via a dismutating pathway to 

acetate and butyrate, which is subsequently oxidized to acetate (de Bok et al., 2001). 

All other known syntrophic propionate-degrading bacteria use the methylmalonyl-

CoA pathway to oxidize propionate to acetate and CO2 (Figure 1.2). In this pathway 

one ATP is formed via substrate level phosphorylation, 2/3 ATP have to be invested 

and three conversions in the methylmalonyl-CoA pathway generate each two 

electrons and two protons.  

One of the reactions that generates two electrons and two protons is the endergonic 

oxidation of succinate to fumarate that requires investment of 2/3 ATP (Schink, 

1997). Van Kuijk et al. (1998) proposed that succinate oxidation could be coupled to 

extra-cytoplasmic hydrogen or formate formation via a menaquinone loop between a 

cytoplasmic oriented membrane-bound succinate dehydrogenase and a periplasmic 

oriented membrane bound hydrogenase or formate dehydrogenase (van Kuijk et al., 

1998b) 
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Genes coding for a periplasmic hydrogenase and three extra-cytoplasmic formate 

dehydrogenases were found in the genome of S. fumaroxidans (Müller et al., 2010). 

Especially the gene Sfum_1273-74 that codes for one of the periplasmic formate 

dehydrogenase alpha subunits is highly transcribed during syntrophic growth 

(Worm et al., 2011b) which suggests that succinate oxidation is coupled to formate 

production and indicates the importance of formate as an electron carrier in 

syntrophic propionate degradation. Also malate oxidation to oxaloacetate generates 

two electrons and two protons, which in S. fumaroxidans are coupled to NAD+ 

reduction by malate dehydrogenase (van Kuijk and Stams, 1996). To couple this to 

hydrogen production would require a hydrogen partial pressure of 10-8 atm that is 

lower than can be maintained by methanogens (Schink, 1997). The third reaction 

that generates electrons and protons is the conversion of pyruvate to acetyl-CoA and 

CO2 that can be coupled to ferredoxin reduction using the pyruvate:ferredoxin 

oxidoreductases (Chabriere et al., 1999). Genome analysis suggests that NADH 

generated from malate oxidation and reduced ferredoxin generated from pyruvate 

oxidation could be coupled to formate or hydrogen production by confurcating 

formate dehydrogenases and hydrogenases (Müller et al., 2010). Such a mechanism 

would use the energy that remains from ferredoxin oxidation with protons to allow 

the endergonic coupling of NADH oxidation to proton reduction. Formate 

dehydrogenases from S. fumaroxidans were studied for subunit-composition, enzyme 

activity, cofactor binding and direction of conversion. Formate dehydrogenase 1 

contains W, Se, four [2Fe2S], one [4Fe4S] and is a hetero-trimer. Formate 

dehydrogenase 2 contains W, Se, two [4Fe4S] and is heterodimer. Both enzymes 

oxidize formate with benzyl viologen and reduce CO2 with reduced methyl viologen. 

The purified enzyme was not able to reduce NAD+ (de Bok et al., 2003). Whether 

these formate dehydrogenases can confurcate electrons from NADH and reduced 

ferredoxin to CO2 reduction, has never been tested. 

Syntrophic formate degradation 

Genome comparison pointed to the role of formate in syntrophic butyrate and 

propionate degradation. In the degradation of SCFA, formate and hydrogen play an 

important role as electron shuttling components. Interestingly syntrophic growth 

with formate occurs as well. Formate oxidation coupled to hydrogen is endergonic 

under standard conditions. This is shown by the Gibbs free energy change that is 

close to zero; 1.3 kJ (Table 1.1). However, when formate oxidation is coupled to 

methane production the conversion is energetically feasible. To share energy between 

the syntrophic formate oxidizer and the methanogen in such a manner that both 

organisms gain enough energy to grow, the hydrogen concentrations have to be kept 

in a low range (between 40 and 100 Pa) (Dolfing et al., 2008). The thermophilic 

Moorella sp. strain AMP and mesophilic Desulfovibrio desulfuricans G11 are able to 

couple formate oxidation to syntrophic growth with methanogens that can only use 
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hydrogen as electron donor (Dolfing et al., 2008). The electron transfer mechanism 

that allows syntrophic formate degradation is not known. Possibly an extra-

cytoplasmic formate dehydrogenase is coupled to a membrane integrated, 

cytoplasmic oriented hydrogenase which generates a proton motive force that can be 

used or ATP synthesis (Dolfing et al., 2008). To what extend and in what types of 

anaerobic microbial environments syntrophic formate degradation can compete with 

formate degradation by methanogens is not known. 

Phylogeny of short chain fatty acid degraders does not predict syntrophy 

Syntrophic methanogenic growth on butyrate is performed by bacteria belonging to 

the Firmicutes (Syntrophomonas, Syntrophothermus, Thermosyntropha genera) and 

Deltaproteobacteria (Syntrophus aciditrophicus). Syntrophomonas is the best 

represented genus within syntrophic fatty-acid degraders (in terms of available 

isolates), with 11 species and/or subspecies described thus far (Sousa et al., 2009). 

Nevertheless, only the genome of S. wolfei subsp. wolfei has been sequenced (Sieber 

et al., 2010). Propionate can be syntrophically utilized by Pelotomaculum- and 

Syntrophobacter species (Stams et al., 2012). In addition, Smithella propionica can 

degrade propionate in syntrophy with methanogens (Liu et al., 1999). 

Syntrophobacter species can use propionate in syntrophy with hydrogenotrophic 

methanogens, or alone if sulfate is available in the environment (Plugge et al., 2011). 

Pelotomaculum species do not possess the ability to grow with propionate and sulfate. 

The genomes of Syntrophobacter fumaroxidans and Pelotomaculum 

thermopropionicum are available  (Kosaka et al., 2008; Plugge et al., 2012).  

Dissimilatory sulfate-reducing bacteria able to use fatty-acids are very diverse. 

Sulfate-reducing bacteria analysed in the scope of this study are distributed among 

Deltaproteobacteria and Firmicutes phyla. Desulfotomaculum species belong to 

Peptococcaceae family, the same family of the syntrophic Pelotomaculum species. 

Recently, it was shown that the genomes of D. kuznetsovii and P. thermopropionicum 

have a high similarity (Visser et al., 2013).  The genes involved in propionate 

metabolism of these two strains were similar, but main differences were found in 

genes involved in the electron acceptor metabolism. Some Desulfotomaculum species 

– D. thermobenzoicum subsp. thermosyntrophicum and D. thermocisternum – were 

also shown to grow on propionate in syntrophy with a hydrogenotrophic methanogen 

(without sulfate) (Nilsen et al., 1996; Plugge et al., 2002).  

The ability to grow in syntrophy is either first evolved and then lost or acquired by 

horizontal gene transfer from a syntroph to a non-syntroph. Multiple horizontal gene 

transfers of dissimilatory sulfite reductase genes (dsrAB) in sulfate-reducing 

prokaryotes have been suggested by (Klein et al., 2001). These authors found that 

the topology of a tree based on a large fragment of the dsrAB was inconsistent with 

the corresponding 16S based tree.  
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Conclusions 

Systematic functional profiling of genomes shed light on the question: “what are the 

key properties that make that a SCFA degrading bacterium is able to grow in 

syntrophy with methanogens and another not”. The presence or absence of extra-

cytoplasmic formate dehydrogenases, including their maturation proteins is clearly 

a difference between syntrophic and non-syntrophic butyrate and/or propionate 

degraders. Together with transcription and proteomic studies that show an increase 

of extra-cytoplasmic formate dehydrogenase during syntrophic growth (Worm et al., 

2011b; Schmidt et al., 2013), it seems evident that this enzyme is a key factor for 

syntrophic butyrate and propionate degradation. Moreover, this simultaneously 

suggests that formate is an important interspecies electron carrier in syntrophic 

butyrate and propionate degradation. This is supported by the presence of the 

formate transporter in several butyrate and propionate degrading syntrophs. 

Further biochemical examination and knock-out experiments of genes involved in 

formate transport and extra-cytoplasmic formate dehydrogenase activity and 

maturation would give more insight in the importance of this enzyme complex during 

syntrophy. Genetic manipulation protocols for SCFA degrading syntrophic bacteria 

have to be developed. Furthermore, the presence or absence of two domains, both 

linked to membrane integrated proteins with a currently unknown function in 

syntrophy, appear to make a difference as well. Both are membrane integrated 

proteins. One is putatively involved in capsule or biofilm formation and a second in 

cell division, shape-determination or sporulation. Capsule formation, cell division, 

shape-determination and sporulation by these bacteria during syntrophic growth 

could be assessed with microscopic techniques.  

Sulfate reducing bacteria such as Desulfobacterium autotrophicum HRM2, 

Desulfomonile tiedjei and Desulfosporosinus meridiei were never tested for 

syntrophic growth, but all crucial domains discussed in this review were found in 

corresponding genomes, which suggests their possible ability to grow in syntrophic 

association with methanogens. In addition, profiling domains involved in electron 

transfer mechanisms revealed the important role of the Rnf-complex and the formate 

transporter in syntrophy, and indicates that DUF224 may have a role in electron 

transfer in bacteria other than S. wolfei as well. 
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Fig. S1: Energy converting enzyme complexes predicted from the genomes of bacteria 

that can degrade propionate and butyrate in syntrophic growth with methanogens; 

Syntrophobacter fumaroxidans (A), Syntrophomonas wolfei (B), Syntrophothermus 

lipocalidus (C), Syntrophus aciditrophicus (D), Pelotomaculum thermopropionicum 

(E), and from those that cannot grow in syntrophic growth with methanogens; 

Desulfotomaculum kuznetsovii (F), and Desulfobulbus propionicus (G) 
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Abstract 

Syntrophobacter fumaroxidans is a sulfate-reducing bacterium capable of oxidizing 

propionate in pure culture coupled to sulfate reduction and in syntrophy with 

methanogens in the absence of sulfate. The role of S. fumaroxidans as a syntroph has 

been studied, but its metabolic flexibility and adaptation to changing environmental 

conditions has never been assessed. We hypothesized that the syntrophic metabolism 

of S. fumaroxidans is more efficient than propionate oxidation coupled to sulfate 

reduction. Perturbations in sulfidogenic pure cultures of S. fumaroxidans and in 

methanogenic cocultures of the bacteria with Methanospirillum hungatei were 

performed. The addition of sulfate to syntrophic cocultures triggered a metabolic 

shift in S. fumaroxidans. Sulfate started to be reduced and the methane production 

decreased up to 40%. The addition of M. hungatei to the sulfidogenic axenic cultures 

of S. fumaroxidans did not lead to an adaptation of S. fumaroxidans to a syntrophic 

lifestyle. Complementary trials showed inhibition of the methanogenic partner at 

sulfide concentrations present at the moment of the perturbation (above 10 mM). 

This hampered the metabolic shift of S. fumaroxidans towards syntrophy. 

Desulfovibrio desulfuricans G11 was then used as an alternative syntrophic partner 

that could scavenge H2 and/or formate from S. fumaroxidans while tolerating high 

levels of sulfide in the medium. Growth of D. desulfuricans in the coculture with S. 

fumaroxidans was verified with qPCR. Although growth of D. desulfuricans in the 

coculture was shown, it could not be clearly shown that S. fumaroxidans switched its 

metabolism from sulfidogenesis to syntrophy. 

 

Keywords: Syntrophy, sulfate-reducing bacteria, propionate oxidation, metabolic 

flexibility, methanogens, sulfide inhibition. 
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Introduction 

In anaerobic environments where the amount of inorganic electron acceptors such as 

nitrate, sulfate, sulfur or oxidized metal ions is low, syntrophic associations between 

acetogenic bacteria and methanogenic archaea become essential for the complete 

degradation of organic compounds to methane and CO2 (Schink and Stams, 2013). In 

such conditions, degradation of propionate, butyrate and long chain fatty acids is 

only possible if the products acetate, hydrogen and formate are kept in low 

concentrations by methanogens (Schink, 1997; Sieber et al., 2012). If the situation 

changes and sulfate becomes available, sulfate-reducing bacteria (SRB) compete with 

the methanogens for hydrogen, formate and acetate, but also with entire syntrophic 

methanogenic communities for substrates like propionate and butyrate (Muyzer and 

Stams, 2008). While many SRB can grow without sulfate and are engaged in 

syntrophic associations with methanogens, others lack this ability (Worm et al., 

2014). Moreover, some members of generally recognized sulfate-reducing taxonomic 

groups seem to have lost their ability to respire anaerobically with sulfate (de Bok et 

al., 2005; Imachi et al., 2006; Plugge et al., 2011). 

The metabolic flexibility of SRB to form syntrophic associations despite their ability 

to reduce sulfate and oxidize fatty acids on their own, enhances their chances of 

survival when changes in the environment occur and affects the spatial distribution 

of microbial genera (Carbonero et al., 2014). In general terms, sulfate reduction is 

favoured over methanogenesis when sufficient sulfate is present (Lovley and Klug, 

1983; Muyzer and Stams, 2008). Nevertheless, the growth rates of some SRB indicate 

a more efficient metabolism when degrading propionate in syntrophy than by 

reducing sulfate (van Kuijk and Stams, 1995; Wallrabenstein et al., 1995a; 

Wallrabenstein et al., 1995b; Harmsen et al., 1998). It is important to assess the 

metabolic flexibility of SRB in fluctuating environments in order to gain knowledge 

about the dynamics and resilience of microbial communities. 

Syntrophobacter fumaroxidans is a propionate-degrading bacterium able to couple 

propionate oxidation to sulfate reduction. Degradation of propionate coupled to 

fumarate reduction is also possible (Harmsen et al., 1998). In the absence of inorganic 

electron acceptors, S. fumaroxidans requires an efficient removal of H2- and formate 

from the environment, which is usually achieved by growing in syntrophy with H2 or 

formate-consuming microorganisms. Although these syntrophic associations are 

generally described with methanogenic archaea, other H2 or formate scavengers can 

function as syntrophic partners (Dong et al., 1994). Sulfidogenic growth of S. 

fumaroxidans has been less studied than its ability to grow syntrophically. Yet it is 

known that the growth rate of this bacterium with propionate coupled to sulfate 

reduction is much slower than when grown in syntrophy with methanogenic archaea 

(van Kuijk and Stams, 1995; Scholten and Conrad, 2000). 
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Desulfovibrio desulfuricans G11 is a microorganism able to couple the oxidation of 

lactate, ethanol, formate or H2 to the reduction of sulfate to sulfide or of nitrate to 

ammonium (Sheik et al., 2017). In the absence of these electron acceptors, D. 

desulfuricans ferments lactate and alcohols and produces acetate, formate, H2 and 

CO2. Moreover, syntrophic growth on formate with a hydrogenotrophic methanogen 

has also been reported (Dolfing et al., 2008). However, D. desulfuricans is not able to 

catabolize butyrate, propionate or acetate. 

The role of S. fumaroxidans as a syntroph has been widely studied and its importance 

in methanogenic environments documented (McMahon et al., 2001; McMahon et al., 

2004; Stams et al., 2012). However, the metabolic flexibility to changes in the 

environment and the preferred lifestyle of this bacterium requires more 

investigation. By combining the capacities of D. desulfuricans as scavenger of H2 and 

formate, and the alternative lifestyles of S. fumaroxidans to grow as a sulfate reducer 

or as a syntroph with methanogenic archaea, we studied the metabolic adaptability 

of S. fumaroxidans to changing environments provoked by different perturbations. 

Materials and methods 

Organisms and growth conditions 

Syntrophobacter fumaroxidans MPOBT (DSM 10017) was cultivated under anoxic 

conditions in basal medium as described previously (Stams et al., 1993). Axenic 

sulfidogenic cultures of S. fumaroxidans were grown with 20 mM sodium propionate 

and 20 mM sodium sulfate. Syntrophic cocultures of S. fumaroxidans with the 

methanogenic archaeon Methanospirillum hungatei strain JF1T (DSM 864) were 

grown on 30 mM of sodium propionate. Axenic cultures of M. hungatei were grown 

with formate (40 mM) or with hydrogen in the headspace (1.7 atm H2/CO2 80:20 

vol/vol) and supplemented with 1 mM sodium acetate. Desulfovibrio desulfuricans 

G11 (DSM 7057) was cultured with 40 mM of formate or hydrogen (1.7 atm H2/CO2 

80:20 vol/vol) as electron donor, and 20 mM sodium sulfate as electron acceptor. 

Organisms were batch cultured in duplicate or triplicate at 37 °C in 250 ml flasks 

with 110 ml medium for methanogenic cocultures and 1-liter flasks with 550 ml 

medium for sulfidogenic cultures. Anaerobic conditions were provided by an 80:20 

(vol/vol) gas mixture headspace of N2/CO2, or H2/CO2 when hydrogen was the electron 

donor (Plugge, 2005). 

For the starvation tests, active cultures of M. hungatei growing on H2/CO2 or formate 

were used to inoculate bottles with anaerobic basal medium complemented with 

vitamins, N2/CO2 (80:20 vol/vol) in the gas phase and reducing solution, but without 

adding any electron donor or carbon source. These bottles were incubated at 37° C 

and after various periods of starvation the electron donor was added by changing the 

gas phase to H2/CO2 (80:20 vol/vol) or by adding formate (30 mM) to the bottles. 
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Substrate consumption and product formation were monitored. A similar approach 

was followed for the starvation test on Desulfovibrio desulfuricans, albeit sodium 

sulfate was added to the basal medium as electron acceptor. 

Growth monitoring 

Growth was monitored by measuring the optical density at 600 nm (OD600), as well 

as measuring propionate, sulfate, H2 or formate consumption and product formation 

(methane, acetate, and sulfide). Organic acids were measured with a Thermo 

Scientific Spectrasystem high-performance liquid chromatograph (HPLC) equipped 

with a Varian Metacarb 67H 300 mm column kept at 45 °C and run with 0.005 mM 

sulfuric acid as eluent at a flow rate of 0.6 ml min-1. Sulfate concentrations were 

quantified using a Dionex ICS-1000 ion chromatograph (Dionex) equipped with an 

IonPac AS22 column and 4.5 mM carbonate/1.4 mM bicarbonate eluent at a flow rate 

of 1.2 ml min-1. Hydrogen and methane were determined with a CompactGC gas 

chromatograph (Global Analyser Solutions) with a Molsieve 5A PLOT of 0.53 mm. 

Hydrogen sulfide was measured by a colorimetric method (Cline, 1969). 

Perturbation events 

Various perturbation agents were applied to two different growth conditions of S. 

fumaroxidans. For the methanogenic cocultures of S. fumaroxidans and M. hungatei 

the perturbations were: the addition of sulfate to the medium (M+Sulf); the addition 

of sulfate and 20% inoculum of Desulfovibrio desulfuricans G11 (M+SulfG11); the 

addition of sulfate plus the inactivation of the methanogenic partner by adding 1 mM 

sodium 2-bromoethanesulfonate (BES) (M+SulfBES) and the supply of sulfate and 

20% inoculum of active D. desulfuricans G11 coupled with the inactivation of the 

methanogen with BES (M+SulfBESG11). The sulfidogenic axenic cultures of S. 

fumaroxidans were perturbed in the following way: by adding 45% inoculum of active 

M. hungatei in the sulfidogenic culture (S+JF1) or by adding 45% inoculum of active 

D. desulfuricans G11 in the sulfidogenic culture (S+G11). When M. hungatei or D. 

desulfuricans G11 were used as perturbation agents, equal amounts of cells grown 

with H2/CO2 or formate were inoculated. 

Quantitative PCR 

A quantitative PCR (qPCR) analysis was performed in the treatments where D. 

desulfuricans G11 was introduced as part of the perturbations. Two sampling points 

were established to harvest cells and extract DNA from the biological replicates. The 

first sampling point took place right after the perturbation event and the second at 

the end of the experiment. DNA was extracted using the FastDNA® Spin Kit for Soil 

(MP Biomedicals, Santa Ana, CA) according to the manufacturer’s protocol with two 

45-second beat beating steps using a FastPrep Instrument (MP Biomedicals). DNA 
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concentrations were quantified with Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, 

CA). Amplifications were done in triplicates in a CFX384 Real-Time PCR Detection 

System (Bio-Rad Laboratories, Inc., Hercules, CA). The reaction mixture consisted of 

5 μl iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, Inc., Hercules, 

CA), 0.2 μl reverse primer [50 μM], 0.2 μl forward primer [50 μM], and 2 μl of 

template DNA [10 ng/μl]. PCR grade water was used to fill up the reaction mixture 

to 10 μl. Specific 16S rRNA primers designed for D. desulfuricans were used 

DSVspG11 201f (5’-ACCTCTGCTTGCATGTTACC-3’) and DSVspG11 471r (5’-

CTGATTAGCACAGTGCGGTTT-3’). The qPCR amplification proceeded as follows: a 

pre-denaturing step 95 °C (5 min), 40 cycles of 95 °C (30 s), 62 °C (40 s), 72°C (40 s), 

80°C (25 s) as optimized by (Junicke et al., 2014). PCR products were checked for 

specificity by a melting curve analysis (72-95ºC) after each amplification step. 

Triplicate standard curves were obtained with 10-fold serial dilutions ranged from 

1x108 to 1x101 copies per μl of 16S rDNA of D. desulfuricans G11. The efficiency of 

the reactions was 100% and the R2 of the standard curves 0.996. Quantification of 

specific bacteria was expressed as increase in 16S rRNA gene copies. 

Results and discussion 

The results of all perturbations applied to methanogenic cocultures and sulfidogenic 

cultures of S. fumaroxidans are summarized in Table 3.1. Syntrophic methanogenic 

cocultures reduced sulfate when this compound was added to the growth medium. 

However, the adaptation of S. fumaroxidans in the methanogenic coculture to a 

sulfidogenic lifestyle varied along with other factors involved in the different 

perturbations (Figure 3.1). In our analysis, we have compartmentalized this 

adaptation in two stages, week one and week two after the perturbations took place. 

Thus, Table 3.1 shows substrate degradation and product formation, measured one 

and two weeks after the perturbations events. 

For the first week after the perturbations, the highest propionate degradation was 

observed in treatment M+Sulf, where only sulfate was the perturbation agent added 

to the medium. Although the methanogenic syntrophic lifestyle of S. fumaroxidans 

in this treatment was still important as the levels of methane produced indicate, the 

amounts of sulfate reduced and sulfide formed seem to indicate that the bacteria 

channelled more of its reducing equivalents to the reduction sulfate. However, this 

is not the case as it will be discussed below. 

A similar sulfate reduction as in M+Sulf can be noticed in treatment M+SulfBES, 

where the methanogenic partner was inhibited with BES and no methane was 

formed. Taking treatment M+SulfBES as a reference, we can extrapolate and infer 

that an approximate amount of ~9.2 mM of propionate was oxidized in treatment 

M+Sulf coupled to sulfate reduction, as this was the amount of propionate oxidized 

in treatment M+SulfBES, where propionate oxidation coupled to methane formation 
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was inhibited. During propionate degradation reducing equivalents are formed. The 

reduced forms of electron carriers, such as NADH or reduced ferredoxin need to be 

re-oxidized to keep propionate degradation going on. S. fumaroxidans can couple the 

re-oxidation of these carriers to proton or CO2 reduction and form H2 or formate, 

respectively, that need to be scavenged by a syntrophic partner; or it can also re-

oxidize these equivalents on its own by reducing sulfate and produce sulfide. 

Theoretically the oxidation of 21 mM of propionate in M+Sulf generates 63 reducing 

equivalents, which can be used in the formation of 15.8 mM of sulfide and/or 

methane. Since approximately 7 mM of sulfate was reduced in M+Sulf, the methane 

formation should be of 8.8 mM, which requires 11.7 mM of propionate. Thus, of the 

21 mM of propionate degraded in M+Sulf, approximately 9.2 mM was coupled to 

sulfate reduction and 11.7 mM to the production of hydrogen and/or formate. 

Therefore, syntrophy was still the predominant lifestyle of S. fumaroxidans despite 

the availability of sulfate in the medium. 

The amount of propionate degraded in treatment M+Sulf shows a highly active S. 

fumaroxidans that efficiently made use of an additional inorganic electron acceptor 

added to the medium, in this case sulfate. However, it also kept transferring 

hydrogen and/or formate to the methanogenic partner. 

The addition of D. desulfuricans as part of the perturbations in treatments 

M+SulfG11 and M+SulfBESG11 hindered sulfate reduction during the first week, as 

less sulfate was reduced in comparison to those treatments where G11 was not 

added. This hampering effect of G11 affects sulfate reduction, but not propionate 

oxidation. In treatment M+SulfG11, where the methanogen was not inhibited, a high 

propionate oxidation is observed, most probably by the syntrophic association of S. 

fumaroxidans with M. hungatei as the methane produced also indicates. On the other 

hand, it was not certain at this stage to deduce if sulfate in treatments M+SulfG11 

and M+SulfBESG11 was reduced by D. desulfuricans or by S. fumaroxidans. 

For the second week, the substrate consumption and methane production rates 

diverged from week one as a result of the adaptation of S. fumaroxidans to the new 

environmental conditions. The amount of propionate degraded was less in most of 

the treatments, with the exception of treatments with M+SulfBESG11. In some 

cases, the lower amount of propionate oxidized is due to the exhaustion of this 

substrate during the second week. For instance, in the control treatment and in 

M+Sulf most of the propionate available was degraded during the first week. 

Nonetheless, the drop in the methane formation in treatments M+Sulf and 

M+SulfG11 is remarkable. 
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In these treatments, the methanogens might have been inhibited by the high levels 

of sulfide accumulated in the media after the first week of the perturbations (Figure 

3.1). Thus, the syntrophic interaction of M. hungatei with S. fumaroxidans was 

hampered when the archaeon was not able to scavenge the H2 and formate produced 

by the bacterium during propionate oxidation. This toxic effect of sulfide on the 

methanogen and the combinations with the inhibitory effect of treatments where 

BES was added allowed us to make some interesting speculations. 

              . 

Figure 3.1. Methanogenic cocultures of S. fumaroxidans with M. hungatei 

exposed to different perturbation events. (A)  Addition of sodium sulfate to the 

medium. (B) Addition of sulfate and inoculation of active D. desulfuricans G11. (C) 

Inhibition of the methanogenic partner by the addition of 2-bromoethanesulfonate (BES) 

(D) Inhibition of the methanogenic partner with BES and inoculation of active D. 

desulfuricans G11. (E) Control with a methanogenic coculture of S. fumaroxidans with 

M. hungatei. 
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During the first week M+Sulf and M+SulfBES reduced ~7 mM of sulfate. For the 

second week, all the treatments, except the control, in average reduced ~7mM of 

sulfate and the differences in these reductions and in the amounts of propionate 

oxidized were as follows: M+Sulf, reduced less sulfate of all because it exhausted all 

the propionate. M+SulfBES had enough propionate but the methanogen was 

inhibited, and therefore only S. fumaroxidans performed sulfidogenesis and 

consumed similar amounts of propionate and sulfate as in week one. In 

M+SulfBESG11 more sulfate was reduced than in M+SulfBES, but less propionate 

oxidation was noticed. These values do not fit the electron recovery calculations 

where 8.3 mM of propionate would result in a maximum reduction of 6.2 mM of 

sulfate. The presence of D. desulfuricans G11 might have an effect in the differences 

on sulfate reduction in contrast to when G11 is not present in the medium. 

Finally, the highest amount of sulfate reduced and propionate degraded during week 

two were observed in treatment M+SulfG11. Although here we only observe the 

formation of traces of methane, we speculate that despite the inhibition of the 

methanogen by the high concentrations of sulfide in the medium, methane 

production endures as much as it is possible by the methanogen, while 

Syntrophobacter still couples propionate oxidation to the production of hydrogen 

and/or formate. Thus, although the methanogen cannot retrieve the hydrogen and 

formate produced by Syntrophobacter, D. desulfuricans G11 might take that role and 

so we observed a higher propionate oxidation and sulfate reduction than when D. 

desulfuricans G11 was not present. 

The values presented in Table 3.1 do not always perfectly fit the stoichiometry. In 

some cases, it is possible that the accumulated methane leaked from the over-

pressurized bottles. This is supported by the negative values of methane in 

treatments M+SulfBES and M+SulfBESG11 in week 2. A table with electron and 

carbon balance is presented as Supplementary Material Table S3.1. 

The perturbation in the sulfidogenic cultures of S. fumaroxidans took place at the 

mid-exponential phase (Figure 3.2). At this point, sulfide levels were ~10 mM. 

Although toxicity of hydrogen sulfide is pH dependent and the toxic form (H2S) is 

dominant at acidic pH levels (<6), inhibitory effects on anaerobic microorganisms, 

particularly non-sulfate reducers, are reported already above 3 mM at pH 7 (Lens et 

al., 1998; Paulo et al., 2015). 

The absence of methane production in treatment S+JF1 after the addition of M. 

hungatei indicates that the expected metabolic shift of S. fumaroxidans towards a 

syntrophic lifestyle did not occur (Figure 3.2.A). The syntrophic interaction between 

the bacterium and the methanogen depends on the equilibrium maintained at the 

pool of metabolites exchanged among these microorganisms. It is not clear whether 

S. fumaroxidans did not provide the hydrogen and formate required by M. hungatei, 
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or the methanogen did not consume such compounds. Considering the high sulfide 

concentrations in the medium, it is probable that the methanogen was inhibited. To 

corroborate the inhibitory effect of hydrogen sulfide on M. hungatei, pure cultures of 

the methanogen growing in H2/CO2 or formate were tested at different sulfide 

concentrations (Figure 3.3). 

 
Figure 3.2. Response of sulfate-reducing cultures of S. fumaroxidans to the 

addition of hydrogen- and formate-scavenging microorganisms. (A)  Inoculation 

of active M. hungatei at day 16. (B) Inoculation of active M. hungatei at day 18 after 

sulfide was flushed out with N2. (C) Inoculation of active D. desulfuricans G11 at day 17 

(D) Inoculation of active D. desulfuricans after sulfide was flushed out with N2 at day 21. 

Levels above 4 mM of sulfide had a significant impact on the methane formation and 

substrate consumption in cultures of M. hungatei growing with H2/CO2. Cultures 

growing on formate showed a slightly higher tolerance to sulfide (5 mM), although 

not high enough to strive at the levels (10 mM) present in the sulfidogenic 

environment of treatment S+JF1. We tried to decrease the sulfide levels of the 

sulfidogenic cultures prior the inoculation of the methanogen, by flushing the media 

in the bottles with N2 and exchanging the gas phase with N2/CO2 on treatment 

S+N2JF1. Although the sulfide concentration dropped to 1.3 mM and the pH only 

rose to 7.2, the flushing approach proved ineffective and no methane was detected 

after the perturbation (Figure 3.2.B).  

In addition to the sulfide inhibitory effect on the methanogen, the possibility of a 

delayed metabolic shift of the bacterium was also considered. The growth rate of S. 

fumaroxidans growing on propionate coupled to sulfate reduction is very low (0.024 

day-1) (van Kuijk and Stams, 1995) in comparison with syntrophic growth with 
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propionate (0.17 day-1) (Harmsen et al., 1998). If the adaptation time required by S. 

fumaroxidans to switch its metabolism was longer than the survival time of the 

methanogen without an available electron donor, the syntrophic association would 

not take place. 

 

Figure 3.3. Inhibitory effect of sulfide on Methanospirillum hungatei strain JF1. 

Hydrogen consumption by M. hungatei cultures growing at different concentrations of 

sulfide (left). Methane production of M. hungatei cultures in H2/CO2 or formate under 

different sulfide concentrations. 

To estimate the decay of the syntrophic partner, starvation tests were performed for 

M. hungatei. The archaeon showed to be able to survive for more than 20 days of 

starvation (Figure 3.4). The results showed that at 19 days of starvation (8 days for 

cultures growing on H2/CO2) the viability of the cultures was compromised as the 

delay in methane production shows in Figure 3.4. Nevertheless, we were able to 

measure methane production in cultures starved up to 39 days. 

 
Figure 3.4. Methane production by starved cultures of M. hungatei. Starvation 

days refer to the length of incubation at 37° C without electron donor. Time on x-axis plots 

the hours after supply of the electron donor: formate [30 mM] in A and H2/CO2 in B. 

Despite the resilience of the methanogenic partner and the high percentage of 

inoculum used in the perturbations of the sulfidogenic cultures, the methane 

detected was not significant and the low detected values (<1 mmol/l) were attributed 

to decay of the methanogens. A final approach was taken aiming to establish a 

sulfidogenic syntrophic coculture with S. fumaroxidans, which was the addition of 
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the sulfate reducer, D. desulfuricans G11. D. desulfuricans G11 has previously been 

used to obtain a sulfidogenic syntrophic coculture with Syntrophobacter wolinii for 

propionate degradation (Boone and Bryant, 1980).  

Data of the substrate consumption and product formation after the perturbations of 

the sulfidogenic cultures are shown in Table 3.1. Despite the absence of methane, 

indicating that the syntrophic engagement with methanogens did not occur, higher 

propionate degradation in treatment S+JF1 can be noticed in contrast to S+G11. A 

possible explanation is that at the moment of the perturbations the sulfide levels 

were above 10 mM, but when M. hungatei was added to the media, the sulfide levels 

dropped by a dilution effect, whereas when D. desulfuricans G11 was added, the 

sulfide levels were maintained since D. desulfuricans G11 was also in a medium high 

in sulfide (Figure 3.2).,  

Sulfate-reducing bacteria generally are assumed to be able to deal with high 

concentrations of sulfide. However, sulfide inhibition in propionate degradation by 

S. wolinii has been previously reported by (Boone and Bryant, 1980). In that study 

sulfide concentrations of 5 and 10 mM inhibited propionate degradation by 23 and 

51%, respectively. Our results suggest that S. fumaroxidans is similarly sensitive to 

high levels of sulfide. We observed that propionate degradation by S. fumaroxidans 

decreased in those treatments where sulfide levels were kept above 10 mM. The 

process of flushing out the hydrogen sulfide from the bottles in treatments S+N2JF1 

and S+N2G11 favoured propionate degradation coupled to sulfate reduction during 

the first week after perturbations, in contrast to the lower amounts degraded in the 

second week where the sulfide levels were once again above 10 mM. 

It was not possible to conclude only by analysing the substrates and products 

dynamics if S. fumaroxidans changed its metabolism to couple propionate oxidation 

to production of hydrogen and/or formate and if D. desulfuricans G11 was able to 

benefit from that change. Therefore, specific primers designed for the 16S rRNA gene 

of D. desulfuricans (Junicke et al., 2014) were used to determine the increase in copy 

numbers of this bacterium at the end of the experiment after its inoculation during 

the perturbation events. 

The results in Figure 3.3 show the increase over time in copy numbers per ml culture 

of the 16S rRNA gene of D. desulfuricans G11, which verifies the microscopic 

observations of growth of the bacterium (Data not shown). It should be noticed that 

the amount of inoculum used for the perturbation in sulfidogenic cultures was larger 

than the amount used in the methanogenic cocultures. These results reflect the 

approach taken in the sulfidogenic perturbations where a higher percentage (45%) of 

D. desulfuricans G11 was added as inoculum during the perturbation. 
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Figure 3.3. 16S rRNA gene abundance of D. desulfuricans G11 at the moment of the 

perturbations and at the end of the experiments. The dark bars show 16S rRNA copy 

numbers of D. desulfuricans G11 in cocultures of S. fumaroxidans and M. hungatei 

without (M+SulfG11) and with (M+SulfBESG11) addition of bromoethane sulfonate 

(BES). Light bars show 16S rRNA copy numbers of D. desulfuricans G11 in a sulfidogenic 

culture of S. fumaroxidans at a higher proportion than for the cocultures perturbation. 

There is a higher increase in copy numbers of D. desulfuricans G11 in the 

methanogenic cocultures compared to the sulfidogenic culture where G11 barely 

duplicated its numbers. Propionate oxidation coupled to hydrogen or formate 

production is endergonic under standard conditions (Equations 1a & 1b Table 3.2). 

To make this conversion energetically feasible, the hydrogen and formate 

concentrations have to be kept in a very low range (Schink, 1997). In the highly active 

syntrophic methanogenic cocultures, S. fumaroxidans produced formate and 

hydrogen at high rates while the methanogen kept the levels of those compounds low. 

Sulfate reducers have a higher affinity for hydrogen than methanogens (Kristjansson 

et al., 1982; Lovley, 1985). Therefore, once added to the active cocultures, D. 

desulfuricans G11 has competed with the methanogen for hydrogen and formate, 

which was reflected in the increase in the 16S rRNA gene copy numbers. A similar 

situation occurred in the isolation of S. wolinii, where the authors failed to obtain 

cocultures of S. wolinii with M. hungatei and D. desulfuricans G11 remained present 

(Boone and Bryant, 1980). Besides the ability of the sulfate reducer to outcompete 

the methanogens as a syntrophic partner, the increasing levels of sulfide in 

M+SulfG11 and the BES added on M+SulfBESG11 also might have contributed to 

the good proliferation of D. desulfuricans G11. Furthermore, syntrophic propionate 

degradation coupled to sulfidogenesis theoretically yields more energy than when 

coupled to methane production as can be seen in Equation 1a and 1b of Table 3.3. 
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In the sulfidogenic cultures, D. desulfuricans G11 scarcely doubled its numbers after 

inoculation as part of the perturbation (Figure 3.3). Nonetheless, it is interesting 

that D. desulfuricans G11 was able to thrive in this environment. The metabolic 

activity of S. fumaroxidans in sulfidogenic propionate oxidation is very low.  

Subsequently, a metabolic change, if any, in response to a change in the environment 

was also expected to be slow. Moreover, as Equation 1a in Table 3.3 show, such 

metabolic change is not energetically necessary for S. fumaroxidans since propionate 

oxidation coupled to sulfate reduction yields enough energy for growth without a 

partner. From Equation 2a and 3a we can deduce that for D. desulfuricans G11 it 

would be beneficial to use the hydrogen and formate produced by S. fumaroxidans, 

but it is intriguing why the latter bacterium would engage in a syntrophic 

metabolism while having sufficient sulfate to grow independently. Syntrophic 

degradation of propionate occurs at the limit of what is thermodynamically possible 

and requires at least one step with reversed electron transport (Worm et al., 2014). 

To change from sulfidogenic to syntrophic lifestyle a large metabolic shift would be 

needed in Syntrophobacter: hydrogenases, formate dehydrogenases and several 

confurcating complexes need to be switched on. This may be a long process. But when 

D. desulfuricans G11 is added to an already syntrophic lifestyle it can more easily 

take over, without much change in the metabolism.  

It is still a possibility that the high affinity of D. desulfuricans G11 for hydrogen 

allows this microorganism to scavenge the intermediate hydrogen produced during 

sulfate reduction by S. fumaroxidans. In this case, it would be a parasitic association 

instead of a syntrophic one. If S. fumaroxidans however is genetically driven for 

syntrophy, a sulfidogenic syntrophic association would be as energetically favourable 

as a methanogenic one. A genetic predisposition of S. fumaroxidans for syntrophy 

would explain the high proliferation of the alternative hydrogen- and formate-

scavenger after perturbations in treatment M+SulfG11 and M+SulfBESG11, as well 

as the growth of the Desulfovibrio in S+G11. 

Table 3.3. Gibbs free energy changes of reactions involved in propionate, 

formate and hydrogen oxidation coupled to reduction of sulfate and methane 

production.  

Equation Reactions ΔGº' (kJ/reaction)* 

1a 4CH3CH2COO- + 3SO4
2-  4CH3COO- + 4HCO3

- + H+ + 3HS- -151.3 kJ 

1b 4CH3CH2COO- + 3H2O  4CH3COO- + HCO3
- + H+ + 3CH4 -102.4 kJ 

2a 4H2 + SO4
2- + H+  HS- + 4H2O -151.9 kJ 

2b 4H2 + HCO3
- + H+  CH4 + 3H2O -135.6 kJ 

3a 4HCOO- + H+ + H2O  CH4 + 3HCO3
- -130.1 kJ 

3b 4HCOO- + SO4
2- + H+  HS- + 4HCO3

- -146.7 kJ 

* 1 M, pH 7.0, T = 298 K and a partial pressure of gas of 105 Pa 
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Conclusions 

The addition of sulfate to syntrophic methanogenic cocultures of S. fumaroxidans 

and M. hungatei results in a metabolic shift in S. fumaroxidans where sulfidogenesis 

eventually takes over methanogenesis. Although the metabolic shift to sulfidogenesis 

was observed soon after the addition of sulfate to the media, methanogenic 

associations remained dominant until the methanogenic partner was affected and 

inhibited by sulfide. The metabolic shift of S. fumaroxidans to sulfidogenesis was not 

favoured by the inhibition of the methanogen as the treatments with BES indicate. 

The methanogenic cocultures ultimately stopped producing methane due to sulfide 

toxicity to the methanogen. But it is probable that the syntrophic metabolism of S. 

fumaroxidans, where propionate oxidation is coupled to hydrogen and/or formate 

production, persisted as the increase of the numbers of D. desulfuricans G11 

suggests. 

The low growth rate of S. fumaroxidans in sulfidogenic environments might be 

attributed to sulfide sensitivity. In environments with sulfide levels above 10 mM, 

propionate degradation considerably drops in comparison to lower sulfide levels. 

Thus, the inefficiency of S. fumaroxidans to degrade propionate in the presence of 

sulfate could be related to the sulfide toxicity effect on the bacterium. 

Although the thriving of D. desulfuricans G11 in coculture with S. fumaroxidans in 

sulfidogenic environments has been verified by qPCR, to know whether S. 

fumaroxidans switched its metabolism from sulfidogenesis to syntrophy still requires 

further research.  
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Supplementary material 

Table S1.1. Electron and carbon balances of the syntrophic cocultures and 

sulfidogenic cultures of Syntrophobacter fumaroxidans after diverse 

perturbation events. 

Treatments 

indicating 

perturbations 

applied to the 

cultures 

Syntrophic cocultures of S. fumaroxidans and Methanospirillum hungatei 

Week 1 Week 2 

Electron recovery Carbon balance Electron recovery Carbon balance 

Theoretical Achieved Theoretical Achieved Theoretical Achieved Theoretical Achieved 

M+Sulf 
15.8 14.3 36.8 22.9 5.5 6.8 12.9 13.1 

ER % 90.5 CR% 62 ER % 123 CR% 101.4 

M+SulfG11 
11.4 12.4 26.7 16.4 8.6 8.3 20.1 17.3 

ER % 108.2 CR% 61.3 ER % 96.5 CR% 86.3 

M+SulfBES 
6.9 6.5 16.2 5.0 6.6 6.5 15.5 11.1 

ER % 93.2 CR% 31 ER % 98.4 CR% 71.6 

M+SulfBESG11 
3.7 4.8 8.5 2.1 6.2 7.4 14.5 10.4 

ER % 131.8 CR% 25.1 ER % 119.4 CR% 71.9 

Control 
14.9 16.1 34.8 35.0 7.9 8.3 18.4 19.5 

ER % 107.8 CR% 100.8 ER % 104.8 CR% 106.3 

Sulfidogenic cultures of S. fumaroxidans 

S+JF1 4.81 4.0 11.22 5.91 1.69 1.4 3.94 3.17 

 ER % 83.2 CR% 52.6 ER % 82.9 CR% 80.4 

S+N2JF1 6.67 5.3 15.57 10.18 N.A. N.A. N.A. N.A. 

 ER % 78.9 CR% 65.4 N.A. N.A. N.A. N.A. 

S+G11 3.71 3.3 8.66 4.57 1.66 4.0 3.88 2.85 

 ER % 88.3 CR% 52.8 ER % 243.2 CR% 73.5 

S+N2G11 6.26 6.5 14.61 6.91 4.35 3.7 10.16 6.24 

 ER % 103.3 CR% 47.3 ER % 85.9 CR% 61.5 

ER: Electron recovery; CR: Carbon recovery 
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Abstract 

Syntrophobacter fumaroxidans is a sulfate-reducing propionate-degrading bacterium 

that grows in syntrophic interaction with methanogens, but a syntrophic interaction 

with sulfate-reducing bacteria is also possible. We performed a proteome analysis of 

S. fumaroxidans growing with propionate axenically with sulfate or fumarate, and 

in syntrophy with Methanospirillum hungatei, Methanobacterium formicicum or 

Desulfovibrio desulfuricans. Special attention was put on the role of hydrogen and 

formate in interspecies electron transfer (IET) and energy conservation. Formate 

dehydrogenase Fdh1 and hydrogenase Hox were the main confurcating enzymes 

used for energy conservation. In the periplasm, Fdh2 and hydrogenase Hyn play an 

important role in reverse electron transport associated with succinate oxidation. 

Periplasmic Fdh3, Fdh4 and Fdh5 were involved in IET. The sulfate reduction 

pathway was poorly regulated and many enzymes associated with sulfate reduction 

(Sat, HppA, AprAB, DsrAB and DsrC) were abundant even at conditions where 

sulfate was not present. Heterodisulfide reductases (Hdr), coupled with flavin 

oxidoreductase (Flox) or a putative hydrogenase (Mvh-p), were abundant. Hdr/Flox 

was detected in all conditions while Hdr/Mvh-p was exclusively detected when 

sulfate was available; these complexes most likely confurcate electrons. Our results 

suggest that S. fumaroxidans mainly used formate for electron release and that 

different confurcating mechanisms were used in its sulfidogenic metabolism. 

Keywords: Syntrophy, sulfate-reducing bacteria, propionate oxidation, interspecies 

electron transfer, reverse electron transport, hydrogenases, formate dehydrogenases. 
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Introduction 

Syntrophobacter fumaroxidans is a sulfate-reducing deltaproteobacterium able to 

grow on propionate in syntrophy with methanogens (Harmsen et al., 1998). It can 

also grow axenically by fermenting fumarate (Stams et al., 1993). To degrade 

propionate, it requires fumarate or sulfate as electron acceptors, or a H2- and 

formate-consuming partner in the absence of an electron acceptor. S. fumaroxidans 

uses the methylmalonyl-CoA (MMC) pathway to degrade propionate to acetate and 

CO2 (Plugge et al., 1993). Under standard conditions, propionate oxidation to H2, 

formate and acetate is an endergonic process. Reducing equivalents at the redox 

levels of Fdred, NADH and FADH2, are released in the pyruvate, malate and succinate 

oxidation steps of the pathway, respectively. To keep the pathway functioning, the 

reduced electron mediators need to be re-oxidized by reducing protons to H2 or CO2 

to formate. Consequently, the role of the hydrogen/formate scavenger in the 

syntrophic association with S. fumaroxidans is to maintain H2 and formate at 

sufficiently low levels so that propionate degradation becomes energetically feasible 

(Stams and Dong, 1995). The minimal hydrogen partial pressure (pH2) that 

methanogens can maintain is between 1 to 10 Pa (Thauer et al., 2008). This level is 

not low enough to overcome the most energy-consuming step in the MMC pathway, 

the oxidation of succinate to fumarate. To couple this step to proton or CO2 reduction 

would require a pH2 of 10-10 Pa and a formate concentration below 1 µM (Schink, 

1997). Therefore, to drive this reaction, the input of metabolic energy is required. An 

investment of two-thirds of an ATP via a mechanism known as reverse electron 

transport (RET) has been suggested by some authors (van Kuijk et al., 1998b; Schink 

and Stams, 2013). 

During RET energy is invested in the form of ATP to generate a proton gradient 

across the membrane which allows succinate oxidation to proceed (Stams and Plugge, 

2009). Membrane-associated proteins, such as ferredoxin:NAD+ oxidoreductases, 

cytochromes and periplasmic formate dehydrogenases and hydrogenases, have been 

reported to be involved in RET (Sieber et al., 2012; Grein et al., 2013). Moreover, 

novel energy conversion mechanisms have been discovered in anaerobic 

microorganisms, for instance flavin-based electron bifurcation and its reversal, 

electron confurcation (Li et al., 2008; Buckel and Thauer, 2013; Schink, 2015). 

Genome analyses of S. fumaroxidans revealed membrane associated proteins, such 

as a fumarate reductase and a Rnf complex, as well as confurcating hydrogenases 

and formate dehydrogenases possibly involved in energy conservation mechanisms 

(Müller et al., 2010; Pereira et al., 2011; Plugge et al., 2012; Worm et al., 2014). 

Subsequently, transcriptomics studies with S. fumaroxidans in syntrophic and 

axenic cultures showed that a periplasmic formate dehydrogenase (Fdh2) and a 

hydrogenase (Hyn) play an important role to make the endergonic oxidation of 

succinate possible (Worm et al., 2011b). 
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Moreover, it was found that confurcating hydrogenases and confurcating formate 

dehydrogenases (Hyd1, Hox and Fdh1) are important energy converting enzymes 

required for propionate degradation (Worm et al., 2011a; Worm et al., 2011b). 

In this study, a comparative proteomic analysis of S. fumaroxidans was made. Cells 

grown with propionate coupled to fumarate or sulfate reduction, or in syntrophic 

associations with Methanospirillum hungatei or Methanobacterium formicicum were 

compared. We aim to elucidate the main metabolic differences in lifestyles by 

identifying the key proteins used by S. fumaroxidans in interspecies electron transfer 

(IET), reverse electron transport (RET), electron confurcating processes and other 

energy conservation pathways. 

In addition to the known syntrophic interactions of S. fumaroxidans with 

methanogens, our study was extended by including the proteomic profiling of S. 

fumaroxidans in coculture with a non-methanogenic partner. Desulfovibrio 

desulfuricans has been studied before in cocultures with Syntrophobacter wolinii and 

S. fumaroxidans as a hydrogen- or formate-scavenger in the oxidation of propionate 

(Boone and Bryant, 1980; Dong et al., 1994; Sheik et al., 2017). However, the nature 

of the symbiotic interactions of such cocultures was not properly defined. S. wolinii 

and S. fumaroxidans are both able to couple propionate oxidation to sulfate reduction 

instead of proton reduction (Wallrabenstein et al., 1994; van Kuijk and Stams, 1995).  

D. desulfuricans is a sulfate reducer that utilizes lactate, ethanol, hydrogen and 

formate in the presence of sulfate, but not acetate, propionate, butyrate or glucose 

(McInerney et al., 1979; Sheik et al., 2017). Therefore, a syntrophic relationship with 

S. fumaroxidans, in which hydrogen and formate are produced, would be beneficial 

for D. desulfuricans. Nonetheless, it is intriguing why Syntrophobacter would engage 

in a syntrophic association while having sufficient sulfate to grow independently. By 

comparing the proteomic profile of S. fumaroxidans grown in coculture with D. 

desulfuricans with the proteomic profiles of the other known syntrophic lifestyles, 

and the sulfidogenic condition, we expect to be able to define the symbiotic 

relationship of S. fumaroxidans with D. desulfuricans. 

Furthermore, in a syntrophic coculture with Methanobrevibacter arboriphilus AZ, D. 

desulfuricans oxidized formate and provided hydrogen to the methanogenic partner 

(Dolfing et al., 2008). The proteomic analysis of D. desulfuricans growing with 

hydrogen, formate and in coculture with S. fumaroxidans will reveal further insight 

into sulfate-reducing syntrophic cocultures. 
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Materials and methods  

Organisms and growth conditions 

Syntrophobacter fumaroxidans was grown in pure culture and in cocultures. 

Syntrophobacter fumaroxidans MPOBT (DSM 10017) was cultivated under anoxic 

conditions in basal medium as described previously (Stams et al., 1993). The medium 

for the pure cultures was supplemented with 20 mM propionate and 60 mM 

fumarate. Sulfidogenic cultures were grown on 20 mM propionate and 20 mM sulfate. 

Cocultures of S. fumaroxidans with Methanospirillum hungatei strain JF1T (DSM 

864) or Methanobacterium formicicum MFT (DSM 1535) were grown with 30 mM of 

propionate without electron acceptor. A coculture of S. fumaroxidans with 

Desulfovibrio desulfuricans G11 (DSM 7057; (Sheik et al., 2017)) was grown with 20 

mM propionate and 20 mM sulfate. Axenic cultures of D. desulfuricans were grown 

with 20 mM sulfate and 40 mM formate or hydrogen (1.7 atm H2/CO2 80:20 vol/vol). 

All organisms were batch cultured in triplicate at 37 °C in 1 litre flasks with 550 ml 

medium under anaerobic conditions provided by a pressurised (172 kPa; 1.7 atm) gas 

phase of N2/CO2 (80:20, vol/vol). Growth was monitored by measuring substrate 

consumption and product formation (propionate, sulfate, methane, acetate, 

succinate, malate and/or sulfide). Cells were harvested during mid-exponential 

growth phase. The cultures for the experiment were inoculated with cells from 

cultures that adapted to these conditions by transferring them at least five times in 

media with the respective substrates before the start of the experiment. 

Harvesting cells and Percoll gradient centrifugation 

Cells were aerobically harvested by centrifugation at 16,000 g for 16 minutes at 4 °C. 

The pellet was washed twice with TE buffer (10 mM Tris-HCl, pH 7.5; 1 mM EDTA). 

Only cells from the syntrophic coculture of S. fumaroxidans and M. hungatei were 

separated by Percoll gradient centrifugation (Percoll®, Sigma-Aldrich, Missouri, US) 

as described elsewhere (de Bok et al., 2002a). The separated layers, containing 

Syntrophobacter cells in the upper layer and Methanospirillum cells in the lower 

layer, were collected and subjected to Percoll gradient separation a second time. Cells 

were then washed twice with 10 mM sodium phosphate buffer (pH 7.5). 

Protein extraction and SDS-PAGE 

Cells were resuspended in lysis buffer (100 mM Tris-HCl, pH 7.5; 4% w/v SDS; 50 

mM dithiothreitol and SIGMAFAST™ Protease Inhibitor Cocktail Tablet (Sigma-

Aldrich, Missouri, US)), and passed three times through a French press (French® 

Type Pressure Cell Disrupter, Stansted Fluid Power, Harlow, UK) at 2 MPa (40K 

cell). Cell debris and undisrupted cells were removed by centrifugation at 18,000 g 

for 10 min at 4 °C. The supernatant was collected in Eppendorf™ LoBind Protein 

Microcentrifuge Tubes and stored at -80 °C. Still in the lysis buffer, proteins were 

denatured by heating at 95 °C for 5 minutes. Samples were loaded on a 10% 
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polyacrylamide separation gel (Precise™ Tris-HEPES Gels, Thermo Scientific, 

Rockford, US) using the Mini-PROTEAN Tetra Cell (Bio-Rad Laboratories B.V, 

Veenendaal, The Netherlands). The electrophoresis procedure was according to the 

precast gels manufacturer's instructions. Gels were stained using Coomassie 

Brilliant Blue (CBB) R-250. Protein concentration was normalized among triplicates 

and samples in a qualitative way by analysing the gel pictures taken with G:BOX 

Chemi XT4 (Syngene, Cambridge, UK) and using the software GeneSys version 

1.5.5.0 (GeneTools version 4.03.01). 

In-gel trypsin digestion 

In-gel digestion of proteins and purification of peptides was done following a modified 

version of a previously described protocol (Rupakula et al., 2013). Disulfide bridges 

in proteins were reduced by covering the gels with reducing solution (10 mM 

dithiothreitol, pH 7.6, in 50 mM NH4HCO3), and the gels were incubated at 60 °C for 

1 h. Alkylation was performed in darkness and shaking (100 rpm) for 1 h by adding 

25 ml of iodoacetamide solution (10 mM iodoacetamide in 100 mM Tris-HCl, pH 8.0). 

Gels were thoroughly rinsed with demineralized water in between steps. Each gel 

lane was cut into 3 slices, and the slices were cut into approximately 1 mm3 cubes 

and transferred to a separate 0.5 ml protein LoBind tube (Eppendorf, Hamburg, 

Germany). Enzymatic digestion was done with trypsin sequencing grade (Roche, 

Mannheim, Germany). 100 µl of trypsin solution (5 ng/ µl trypsin in 50 mM 

NH4HCO3) were added to each tube, and incubated 2 hours at 45 °C with gentle 

shaking. To stop trypsin digestion, trifluoroacetic acid (10 %) was added to the 

supernatant to lower the pH below 5. The digested protein mixture was purified and 

concentrated using an in-house made SPE pipette tip (Lu et al., 2011).To recover 

hydrophobic peptides, 50 µl acetonitrile (vol/vol in 0.1% formic acid) was passed 

through the column. Finally, the volume was reduced to 20 µl using a SpeedVac 

concentrator and then adjusted to 50 µl with 0.1% formic acid. Samples were 

analysed using nLC–MS/MS with a Proxeon EASY nLC and a LTQ-Orbitrap XL 

mass spectrometer as previously described (Lu et al., 2011). 

LC–MS data analysis 

The obtained MS/MS spectra were processed with MaxQuant v. 1.5.2.8. Database 

with the protein sequences of S. fumaroxidans was downloaded from UniProt 

(www.uniprot.org). The protein database of D. desulfuricans G11 was the draft 

genome available in our laboratory. An additional dataset with protein sequences of 

common contaminants (trypsin, human keratins and bovine serum albumin) was 

included. False discovery rates (FDR) of less than 1% were set at peptide and protein 

levels. Modifications for acetylation (Protein N-term), deamidation (N, Q) and 

oxidation (M) were allowed to be used for protein identification and quantification. 

All other quantification settings were kept default. Filtering and further 

bioinformatics and statistical analysis were performed with Perseus v.1.5.3.0. 

Proteins included in our analysis contain at least two identified peptides of which at 
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least one is unique and at least one unmodified. Reversed hits and contaminants 

were filtered out. Protein groups were filtered to require three valid values in at least 

one experimental group. Label-free quantification (LFQ) intensities (values 

normalized with respect to the total amount of protein and all of its identified 

peptides) were used to analyse the abundance of proteins in the fractions and further 

statistical comparisons among conditions. LFQ intensities were transformed to 

logarithmic values base 10. Missing values were imputed with random numbers from 

a normal distribution, the mean and standard deviation of which were chosen to best 

simulate low abundance values close to noise level (Width: 0.3 and downshift 1.8 

times). A multiple-sample test (ANOVA) with permutation based FDR statistics (250 

permutations, FDR=0.01 and S0=1) was applied to filter significant proteins. 

Principal component analyses (PCA) were performed with default settings and 

without category enrichment in components. Z-score normalization in which the 

mean of each row (where each row is a protein in triplicate and in different 

conditions) is subtracted from each value and the result divided by the standard 

deviation of the row was applied before clustering. Hierarchical clustering of rows, 

using Euclidean distances, produced a heat map representation of the clustered data 

matrix. Row clusters were automatically defined (100) and exported to a new matrix. 

Imputed values were then replaced back to missing values and previously defined 

clusters were displayed in a new heat map. For D. desulfuricans the Z-score and 

hierarchical clustering was done for columns instead of rows in order to compare the 

most abundant proteins detected in each condition. 

Results 

Proteomic overview of S. fumaroxidans and most abundant proteins in all 

growth conditions 

The genome of S. fumaroxidans contains 4,098 protein coding genes (Plugge et al., 

2012). Our proteomic analysis accurately identified a total of 813 proteins in the five 

studied conditions. Of these, 84 were designated as proteins with unknown function. 

514 proteins were detected in all the studied conditions. This core proteome 

represented slightly more than 60% of all the detected proteins (Supporting 

information, Fig. S4.1.A). Principal component analysis (PCA) revealed that the 

protein abundance patterns were reproducible among triplicates of a given growth 

condition (Supporting information, Fig. S4.1.B). Moreover, it shows that protein 

patterns of S. fumaroxidans differ depending on the electron acceptor or syntrophic 

partner used, clearly separating syntrophic methanogenic conditions from the axenic 

proteomic profiles. Statistical analysis indicated that 509 proteins significantly 

differed in at least one condition. This means that 304 proteins were constitutively 

produced in the five analysed conditions. 
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Total intensity-based absolute quantification (iBAQ) revealed the most abundant 

proteins produced in the whole analysis. Most of these proteins were involved in the 

methylmalonyl-CoA pathway, sulfate reduction, electron transfer or energy 

conservation. Highly abundant proteins under all five conditions included 

chaperonins (GroEL & GroES), heat shock proteins and ribosomal proteins. Other 

abundant proteins had annotated functions involved in protection, signalling, 

transcription and ferrous ion transport. Rubrerythrins and proteins involved in the 

biosynthesis of cofactors like iron-molybdenum and molybdopterin were also 

abundant. 

Enzymes of the methylmalonyl CoA pathway 

Previous genomic analyses of S. fumaroxidans predicted several genes coding for 

proteins involved in the MMC pathway (Müller et al., 2010; Plugge et al., 2012). Most 

of these proteins were abundant in our whole-cell proteome analysis. For those 

predicted proteins that were not detected, paralogous proteins were found in high 

levels, which suggests that these proteins have a role in the MMC pathway. For 

instance, the predicted enzymes for propionate activation (Sfum_3926 to Sfum_3934) 

and for the conversion of acetyl-CoA to acetate (Sfum_0388-0389, Sfum_0745-0746, 

Sfum_1278 and Sfum_3070) were not detected in the present study. Nevertheless, 

three sets of proteins were detected for the five conditions: CoA-A (Sfum_0809-0810), 

CoA-B (Sfum_0811-0812) and CoA-S (Sfum_1132-1134) (Figure 4.1). The amino 

acid sequences of these proteins indicate a relationship to coenzyme A transferase 

family I (InterPro IPR004165) and could therefore be involved in propionate 

activation and/or acetate formation. 

As predicted by previous genome studies (Müller et al., 2010; Plugge et al., 2012), the 

main protein complex responsible for the oxidation of succinate to fumarate was the 

membrane bound succinate dehydrogenase SdhABC (Sfum_1998-2000), which was 

abundant in all conditions. During axenic growth on propionate with fumarate, S. 

fumaroxidans converts propionate to succinate. Then, part of the fumarate in this 

growth condition is oxidized to acetate (Stams et al., 1993). This conversion is energy 

dependent, producing reducing equivalents during malate oxidation and pyruvate 

decarboxylation, and is only possible by coupling it to the energy yielding reduction 

of fumarate to succinate. 

The fumarate reductase FrdABEF (Sfum_4092-4095) complex was detected in higher 

levels during growth with fumarate. With the exception of a few subunits, the 

FrdABEF complex was not detected in cells grown with methanogens as expected 

since fumarate reduction only occurs when fumarate is provided. However, the 

complex was consistently detected in cells where sulfate was available, particularly 

in the coculture with D. desulfuricans. 
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Figure 4.1. Relative expression levels of the proteins used in the methylmalonyl-

CoA pathway by Syntrophobacter fumaroxidans. Protein abundance levels are 

shown after Z-score normalization. High relative expression is indicated in yellow and low 

relative expression is indicated in blue. Grey colour means not detected. In the left side 

the MMC steps are shown levelled to the associated proteins. The rows in the heat map 

show the detected proteins in five different growth conditions. The columns show from 

left to right, in triplicates, the electron acceptor used by S. fumaroxidans to couple 

propionate oxidation: fumarate, sulfate and interspecies compounds transferred to: 

Desulfovibrio desulfuricans G11, Methanobacterium formicicum and Methanospirillum 

hungatei. (*) indicates a statistically significant difference in at least one condition. MMC: 

methylmalonyl-CoA; Sdh: succinate dehydrogenase; Frd: fumarate reductase; DH: 

dehydrogenase; CT: carboxyltransferase; ACCT: acetyl-CoA carboxyltransferase; CoA 

Trans: coenzyme A transferase. 
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In the genome of S. fumaroxidans two additional gene clusters show similarity to 

succinate dehydrogenases SdhAB-1 (Sfum_0172-0174) and SdhAB-2 (Sfum_2103-

2104). SdhAB-1 was not detected in our study and only the alpha subunit of SdhAB-

2 showed a similar detection profile to FrdABEF. The predicted fumarase in the gene 

cluster Sfum_2101-02 was not detected in any condition. Instead, a second fumarase 

from a non-clustered gene (Sfum_2336) was abundant in all conditions. The amino 

acid sequence of this second fumarase corresponds to the previously isolated and 

characterized class I fumarase from S. fumaroxidans (van Kuijk et al., 1996). 

Although this protein was abundant in all conditions, lower expression levels were 

measured in sulfate-reducing cells. Finally, methylmalonyl-CoA mutase 

(Sfum_0458) and succinyl-CoA synthase (Sfum_1702-1703) were significantly more 

abundant in syntrophically grown cells, while the pyruvate oxidoreductase 

(Sfum_2792-2795) showed a lower relative expression during growth with 

Desulfovibrio. 

Hydrogenases and formate dehydrogenases involved in electron transfer 

The genome of S. fumaroxidans indicates the presence of six formate dehydrogenases 

and eight hydrogenases. Relative abundance levels of the hydrogenases and formate 

dehydrogenases produced by S. fumaroxidans during propionate degradation under 

different axenic or cocultured conditions are shown in Figure 4.2. In this figure can 

be seen that for most of the detected hydrogenases and formate dehydrogenases, the 

expression levels measured in syntrophic conditions with methanogens were higher 

than any of the axenic conditions. Of the two predicted periplasmic hydrogenases, 

Hyn (Sfum_2952-53) was detected in all conditions albeit more abundant during 

growth with fumarate and with D. desulfuricans G11, while Hyd2 (Sfum_0847-48) 

was not detected in cells that were grown with sulfate. 

 

 

Figure 4.2. Relative abundance levels of hydrogenases and formate 

dehydrogenases in Syntrophobacter fumaroxidans during propionate 

oxidation. Protein abundance levels are shown after Z-score normalization. The detected 

proteins are shown for five different growth conditions, in triplicates, according to the 

electron acceptor used by S. fumaroxidans to oxidize propionate; from left to right: 

fumarate, sulfate and interspecies compounds transferred to: Desulfovibrio desulfuricans 

G11, Methanobacterium formicicum and Methanospirillum hungatei. The colour intensity 

indicates the degree of protein up- or down regulation where high relative expression is 

indicated in red and low relative expression is indicated in blue; the grey colour represents 

not detected. Underlined complex names have been predicted to function as confurcating. 

Locus tags in bold font indicate the catalytic subunit of the complex. (*) indicates a 

statistical significant difference in at least one condition. 
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S. fumaroxidans has two [NiFe]-hydrogenases (MvhADG) associated with HdrABC 

clusters (Mvh1, Sfum_3535-3537 and Mvh2, Sfum_3954-3956). None of these 

proteins, or the neighbouring Hdr, were found in our analysis. For the Frh complex 

(Sfum_2221-24), only the subunit containing the FAD and NAD+-binding 

oxidoreductase domain was detected. Therefore, this protein was classified as not 

detected. Of the three cytoplasmic hydrogenases detected, Hox (Sfum_2712-16) and 

Fhl-h (Sfum_1791-94) were present in all conditions. Lastly, Hyd1 (Sfum_0844) was 

more abundant in syntrophically grown cells and cells grown with propionate and 

fumarate, but not when sulfate was present. 

The three periplasmic formate dehydrogenases (Fdh2, Fdh3 and Fdh5) from S. 

fumaroxidans were abundant during growth in syntrophy with M. hungatei. 

However, for syntrophic growth with M. formicicum the detection levels of Fdh5 

(Sfum_0035-37) and Fdh3 (Sfum_3509-11) were significantly lower. Fdh3 was not 

detected in axenic conditions or in the coculture with D. desulfuricans, and Fdh5 was 

scarcely detected in such conditions.  

Cytoplasmic Fdh1 (Sfum_2703-06) and periplasmic Fdh2 (Sfum_1273-75) were the 

most abundant formate dehydrogenases in all conditions. Moreover, significantly 

higher levels were measured during syntrophic growth. The membrane bound Fhl-f 

(Sfum_1795-1806) was abundant in syntrophically grown cells but showed a lower 

relative expression during axenic growth. Fdh4 (Sfum_0030-01) had very high 

relative abundance levels in syntrophic cultures. However, Fdh4 was not detected in 

the pure culture with fumarate, while only the lowest limits of detection were 

measured in sulfidogenic growth. The formate transporter (Sfum_2707) was detected 

in all conditions but more abundant in methanogenic cultures. 

Redox proteins involved in dissimilatory sulfate reduction 

A set of proteins required for dissimilatory sulfate reduction have previously been 

predicted in the genome of S. fumaroxidans (Pereira et al., 2011). Sulfate 

adenylyltransferase (Sat), proton-translocating pyrophosphatase (HppA), APS 

reductase (AprAB), dissimilatory sulfite reductase (DsrAB) and DsrC complexes 

were among the most abundant proteins in all growth conditions. In contrast, neither 

of the two sulfate transporters (Sfum_0271 & Sfum_0653) predicted in the genome 

was detected in the analysis. Two periplasmic subunits of the QrcABCD complex 

(QrcB: Sfum_0610 and QrcC: Sfum_0609) were detected in all conditions and more 

abundant in syntrophic cultures (Figure 4.3). However, the subunit QrcA 

(Sfum_0611) a membrane-associated multihaem cytochrome c, was not detected. 

Sfum_4047 is the only other gene in S. fumaroxidans genome coding for a membrane-

anchored multihaem cytochrome c. The product of this gene was also detected in all 

conditions and more abundant in the cocultures with M. hungatei and D. 

desulfuricans. 
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Figure 4.3. Relative abundance levels of proteins involved in sulfate reduction 

in Syntrophobacter fumaroxidans. Abundance levels after shown after Z-score 

normalization. The columns show in triplicates, the electron acceptor used by S. 

fumaroxidans to couple propionate oxidation, from left to right: fumarate, sulfate and 

interspecies compounds transferred to: Desulfovibrio desulfuricans G11, 

Methanobacterium formicicum and Methanospirillum hungatei. High relative expression 

is indicated in red and low relative expression is indicated in blue. Grey colour means not 

detected. (*) indicates a statistical significant difference in at least one condition. 
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The genes coding for the trimeric complex QmoABC (Sfum_1049-1051) are well 

conserved in all known sulfate-reducing bacteria (SRB) and are commonly located in 

a sat-aprAB-qmoABC cluster (Pereira et al., 2011). Surprisingly, the products of 

these genes were more abundant in cells grown with fumarate and in syntrophy than 

in cells grown with sulfate. However, a second QmoABC (Sfum_1285-87) was 

detected in the proteome in all conditions. This complex was more abundant in cells 

grown axenically and in the coculture with M. hungatei. Similarly, the principal 

subunits of the DsrMKJOP (Sfum_1146-1150) complex were found in all conditions 

but more abundant in axenic conditions and in the coculture with D. desulfuricans. 

Heterodisulfide reductases (Hdr) are enzymes present in methanogens and perform 

the reduction of CoM-S-S-CoB heterodisulfide to CoM-SH and CoB-SH (Hedderich et 

al., 2005). Although the substrate of these enzymes CoM-S-S-CoB heterodisulfide has 

only been found in methanogens, the high number of similar proteins 

(heterodisulfide reductases-like) in SRB has been emphasized in several genome 

analyses (McInerney et al., 2007; Strittmatter et al., 2009; Pereira et al., 2011; Grein 

et al., 2013). Moreover, related enzymes have been purified from other non-

methanogenic archaea (Mander et al., 2004). An Hdr was detected in the proteome 

analysis of S. wolfei (Sieber et al., 2015), suggesting that the presence in the genome 

and production of such an enzyme complex is not dependent of a sulfate-reducing 

lifestyle, but rather to microorganisms specialized in low energy metabolism. Two of 

the five predicted heterodisulfide reductases-like enzymes in S. fumaroxidans were 

detected in this study, one associated with a Flox complex Hdr/Flox (Sfum_1970-

1977) and the other with a putative methyl viologen hydrogenase Hdr/Mvh-p 

(Sfum_0819-0824). The Flox section of Hdr/Flox is produced in all conditions. 

Hdr/Mvh-p was abundant when sulfate was present whereas only the subunits 

containing FAD/NAD-binding domains were detected in syntrophic cultures. The 

fifth heterodisulfide reductase-like found in the genome of S. fumaroxidans is 

associated with a pyruvate:Fd oxidoreductase, HdrAL/POR (Sfum_0012-0018); this 

complex was not detected. 

Other proteins involved in energy conservation 

The principle of electron bifurcation was originally proposed for a butyryl-CoA 

dehydrogenase/electron transferring flavoprotein complex (Bcd-Etf) in Clostridium 

kluyveri (Li et al., 2008). Since then three more flavin-containing complexes capable 

of electron bifurcation in bacteria and archaea have been described: [FeFe]-

hydrogenases (Hyd), transhydrogenases (NfnAB) and [NiFe]-

hydrogenase/heterodisulfide reductases (MvhADG–HdrABC) (Schut and Adams, 

2009; Kaster et al., 2011b; Huang et al., 2012; Buckel and Thauer, 2013). 

Although S. fumaroxidans is not able to grow on butyrate or crotonate, complexes 

similar to Bcd/Etf have been predicted from the genome. The acyl-CoA subunit 
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(Sfum_1371) of one of these complexes was abundant in all conditions, while the Etf 

subunits (Sfum_1372 and Sfum_1373) were detected in lower levels, and the beta 

subunit was not detected at all in cells grown in cocultures. A second Etf complex 

from genes Sfum_0106 and Sfum_0107 was abundant in all conditions at similar 

levels than the acyl-CoA subunit from gene Sfum_1371. (Supporting information, 

Fig. S4.2) Two additional paralogs coding for Acyl-CoA/Etf complexes were found in 

the genome (Sfum_3686-88 and Sfum_3929-3931), but not detected in our proteomic 

analysis. Finally, NfnAB (Sfum_2150-2151), another electron-bifurcating iron-sulfur 

flavoprotein commonly present in genomic analyses of sulfate reducers was 

exclusively detected during growth with fumarate. 

Proteome generalities of Desulfovibrio desulfuricans 

At the time of our analysis, the genome of Desulfovibrio desulfuricans G11 was not 

available from the common databases. Therefore, we used a draft genome available 

in our laboratory. Currently the genome of Desulfovibrio desulfuricans DSM 7057 is 

freely accessible and counts with 3,020 protein-coding genes (Sheik et al., 2017). Our 

proteome analysis successfully detected 827 proteins among the three growing 

conditions. The core proteome of D. desulfuricans consists of 344 proteins detected in 

all studied conditions (Supporting information, Fig. S4.3.A). Only 346 proteins 

were detected in cells grown in coculture with S. fumaroxidans, while the cells 

growing with hydrogen or formate yielded more than 800 proteins each. 

Differences in the proteome composition were explored using principal component 

analysis (PCA) (Supporting information, Fig. S4.3.B). The first principal 

component (PC1; 88.5% of total variance) clearly separates growth in coculture from 

axenic growth in formate or hydrogen. However, PC1 did not establish a difference 

between growth on hydrogen or on formate. The second principal component mainly 

differentiates the two axenic proteomic profiles, albeit PC2 accounts only for 3.8% of 

the variability of the data. 

Although fewer D. desulfuricans proteins were detected in cells grown in coculture 

with S. fumaroxidans, it was possible to recuperate the most abundant proteins in 

such condition (Supporting information, Fig. S4.4). Among these, we found a 

periplasmic formate dehydrogenase (FDH3; DsvG11_3108-3110) and a periplasmic 

[NiFe]-hydrogenase (Hyd2; DsvG11_2079-2080) (Supporting information, Fig. 

S4.5). A cytoplasmic formate dehydrogenase (FDH1; DsvG11_1734-1736) on the 

other hand, was detected only in cells grown with formate, while a periplasmic 

[FeFe]-hydrogenase (Hyd1; DsvG11_0345-0346) was found in both axenic conditions. 

We predict from our draft genome of D. desulfuricans another [NiFe]-hydrogenase 

with a cytochrome type-b (Hyd3; DsvG11_1724-1726) and a putative confurcating 

formate dehydrogenase (FDH2; DsvG11_2896-2899), but neither of these enzymes, 

nor the formate transporter (DsvG11_0600), were detected in the proteomic results. 
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Other periplasmic and membrane bound proteins were abundant in cells grown in 

the coculture, for instance cytochrome c552 (DsvG11_0693) and an outer-membrane 

protein (DsvG11_1704). 

Discussion 

The majority of the most abundant proteins detected in this study were involved in 

major processes such as propionate degradation, sulfate reduction, electron transfer, 

and energy conservation. Other abundant proteins, such as heat-shock proteins, 

chaperonins, histones and transporters, emphasize the importance of protection, 

transport and stabilization of diverse macromolecules in the cell. These proteins have 

previously been reported as highly abundant in several proteomic analyses and 

identified as common stress-induced molecules required for normal cell growth 

(Hemmingsen et al., 1988; Lu et al., 2007; Mancuso et al., 2012; Sieber et al., 2015). 

Energy-dependent succinate oxidation in MMC 

For propionate degradation with fumarate, S. fumaroxidans requires a fumarate 

reductase, whereas to oxidize propionate with sulfate, or in syntrophy, a succinate 

dehydrogenase is needed. The high levels of the fumarate reductase (FrdABEF) in 

cells grown with propionate and fumarate reflects the reduction of fumarate in this 

lifestyle. However, the abundance of this complex in cells growing with sulfate and 

in coculture with D. desulfuricans can only be explained by a reversible performance 

to succinate oxidation, since no succinate was accumulated in those conditions. 

Fumarate reductases and succinate dehydrogenases are functionally and 

structurally related enzymes (Mattevi et al., 1999). The membrane bound SdhABC 

of S. fumaroxidans has previously been purified, characterized and showed activity 

in both directions, fumarate reduction and succinate oxidation (van Kuijk et al., 

1998a). However, FrdABEF has not been purified and as such could not be tested for 

a reversible activity. Transcription experiments reported that FrdABEF was up-

regulated (>2 log ratio) when fumarate was the electron acceptor in contrast with the 

gene transcription of cells gown in syntrophic cocultures with M. hungatei (Worm, 

2010). Interestingly in such study FrdABEF was also up-regulated in cells grown 

with sulfate as the electron acceptor and down-regulated in cells cocultured with M. 

formicicum. Our proteomic study confirms the high expression levels of FrdABEF in 

propionate plus fumarate cultures. Moreover, FrdABEF was also present in 

conditions where propionate was oxidized with sulfate and in coculture with D. 

desulfuricans. These results might suggest a reversible function of the fumarate 

reductase FrdABEF towards succinate oxidation. Nevertheless, although in in-vitro 

analysis the reversible activity of enzymes is possible, in vivo the enzymes are 

usually dedicated to one physiological function. Besides S. fumaroxidans has a 

succinate dehydrogenase (SdhABC) for succinate oxidation. A more likely possibility 

is that fumarate reduction occurred in the sulfidogenic condition. To pull the 
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oxidation of succinate towards the formation of fumarate, hydrogen and formate, 

these products have to be efficiently removed. To maintain the levels of fumarate 

low, the fumarase (Sfum_2336) has to convert fumarate efficiently to malate. This 

process is very important, and as such fumarase is one of the most abundant proteins 

in S. fumaroxidans. However, cells grown with sulfate show the lowest expression 

levels of this enzyme (Figure 4.1). It might be that if fumarate is not removed 

efficiently in sulfate-grown cells, the bacteria start to produce FrdABEF. 

Hydrogen and formate in IET and RET 

During syntrophic growth, S. fumaroxidans needs to transfer electrons via hydrogen 

and/or formate to a syntrophic partner. It has long been speculated that formate 

plays a more important role than hydrogen as an electron carrier in the syntrophic 

associations of this bacterium with methanogens (de Bok et al., 2002a; de Bok et al., 

2002b). Although slightly higher levels were measured in the formate transporter 

during syntrophic growth over the axenic conditions, S. fumaroxidans must rely on 

other mechanisms to transfer formate. Three formate dehydrogenases (Fdh2, Fdh3 

and Fdh5) contain a twin-arginine translocation (Tat) pathway conserved site, which 

points to the translocation of these proteins across the cytoplasmic membrane. Fdh3 

and Fdh5 were detected only in syntrophically grown cells, while Fdh2 was detected 

in all conditions, but was more abundant during syntrophic growth. This suggests 

that periplasmic Fdh3 and Fdh5 are complexes specialized in transferring formate 

to the syntrophic partner, while Fdh2 is broadly used for energy conservation 

purposes as part of the reverse electron transport mechanism, possibly coupled to 

SdhABC or FrdABEF (Fig. S4.6). 

Among the cytoplasmic formate dehydrogenases, Fdh1 is homologous to the 

bifurcating [FeFe]-hydrogenase of Thermotoga maritima (Schut and Adams, 2009). 

Furthermore, it contains a conserved site coding for a 51 kDa subunit of a 

NADH:ubiquinone oxidoreductase which makes this protein a very plausible 

candidate for a confurcating-type of formate dehydrogenase. Fdh1 was detected in 

all conditions and higher levels were detected in syntrophic conditions. Similarly, the 

membrane associated Fhl-f was also detected in all conditions and more abundant in 

syntrophically grown cells. The ubiquitous detection of Fdh1 and Fhl-f indicates that 

their role is not restricted to IET, but that these complexes are essential for energy 

conservation and formate/hydrogen interconversion during propionate degradation. 

On the other hand, Fdh4 was not detected in cells grown with fumarate, scarcely 

detected in cells grown with sulfate and highly abundant in methanogenic conditions. 

This led us to speculate that Fdh4 has an exclusive role in IET. Furthermore, the 

genes coding for Fdh4 are located upstream in the genome of the periplasmic Fdh5 

operon. Considering these observations, we propose that these neighbouring genes 

coding for cytoplasmic and periplasmic formate dehydrogenases are used mainly for 

interspecies formate transfer. Thus Fdh3, Fdh4 and Fdh5 seem to form a set of 
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formate dehydrogenases used by S. fumaroxidans to transfer electrons to the 

syntrophic partner. It is conceivable that these formate dehydrogenases contain a 

molybdenum catalytic core (Mo-FDH) in contrast to Fdh1 and Fdh2 whose structure 

has been characterized and were shown to possess only tungsten-containing active 

sites (W-FDH) (de Bok et al., 2003). Further biochemical analysis of these formate 

dehydrogenases will give insight of the role of molybdenum in IET mechanisms in 

methanogenic environments (Plugge et al., 2009; Worm et al., 2011a). 

Only five of the eight predicted hydrogenases of S. fumaroxidans were detected in 

the present analysis. Of the two periplasmic hydrogenases, Hyn was more abundant 

in cells grown with propionate and fumarate and in coculture with D. desulfuricans. 

Hyn has been proposed to be involved in reverse electron transport coupled with 

FrdABEF for fumarate reduction or SdhABC for succinate oxidation (Worm et al., 

2011b). Considering the high levels of Hyn and FrdABEF in the coculture with D. 

desulfuricans, we suggest that indeed Hyn is involved in RET with FrdABEF, 

whether reducing fumarate in fumarate conditions or reversibly oxidizing succinate 

in the coculture with D. desulfuricans (Fig. S4.6). 

Of the three cytoplasmic hydrogenases detected, Hox and Fhl-h, which were detected 

in all conditions, were more abundant in cells grown with the methanogens. Hox is 

most probably a confurcating hydrogenase involved in energy conservation. The 

membrane-bound Fhl-h on the other hand, together with Fhl-f might be involved in 

a cytoplasmic hydrogen-formate interconversion during syntrophic growth to control 

electron release. Finally, the genes coding for Hyd1 and Hyd2 are adjacent in the 

genome, the products of these genes are produced only in the presence of fumarate 

and during syntrophic growth but not when sulfate was available. This might be due 

to the exclusive use of other confurcating energy-conserving complexes in 

sulfidogenic conditions that are also coupled to H2 formation, for instance Mvh-p/Hdr. 

Although formate formation seems to prevail in the syntrophic lifestyle of S. 

fumaroxidans, our results indicate that hydrogen, via Hyd1, Hyd2, Hox and Hyn also 

plays an important role in energy conservation by RET. During growth with 

fumarate, when IET is not required, these hydrogenases were detected in higher 

abundance than any of the formate dehydrogenase in such growth condition. 

Energy conservation mechanisms in the sulfate-reducing metabolism 

All the proteins necessary for sulfate reduction in S. fumaroxidans were abundant 

in this analysis, with the intriguing exception of the sulfate transporters that were 

not detected. In order to activate sulfate by sulfate adenylyltransferase, sulfate has 

to be transported into the cell. Therefore, another mechanism for transport of sulfate 

across the membrane must be used by S. fumaroxidans. Several transporters and 

unknown proteins were among the most abundant proteins in this study, it is 
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possible that some of them could have played a role in the import of sulfate to the 

cytoplasm.  

The abundance of HppA, Sat, Apr and DsrAB in our proteomic analysis in conditions 

where sulfate reduction was not observed indicates that the sulfate reduction 

pathway is not strictly regulated in S. fumaroxidans. However, all these enzymes 

were significantly more abundant in conditions where sulfate was available, 

indicating sulfidogenic activity in cells grown with sulfate and with D. desulfuricans. 

Similarly, for complexes such as Qmo-2, DsrMKJOP and Hdr/Flox it is possible to 

observe an up-regulation in axenic conditions and in some cases in coculture with D. 

desulfuricans, while for Qrc and Qmo-1 higher levels are observed in syntrophically 

grown cells. These observations suggest that the use of these complexes in electron 

transfer is not constrained to a sulfidogenic lifestyle, and that they could for instance 

transfer electrons to periplasmic formate dehydrogenases for IET or to the FrdABEF 

for RET. 

Quinone reductase complexes (QrcABCD) are involved in the reduction of the 

quinone pool in D. vulgaris Hildenborough. Furthermore, it was shown that 

QrcABCD is reduced by periplasmic hydrogenases and formate dehydrogenase via 

the cytochrome c3 (subunit A of the complex) (Venceslau et al., 2010). Although in D. 

vulgaris the described role of QrcABCD is to reduce menaquinone with electrons 

gained from hydrogen or formate oxidation during sulfate reduction, we speculate 

that a reverse process is feasible. In D. desulfuricans G20, a mutant lacking the qrcB 

gene was unable to grow with H2 or formate as electron donor, while it grew similarly 

as the parent strain with lactate (Li et al., 2009). Moreover, this mutation also 

inhibited syntrophic growth with a methanogen in lactate (Li et al., 2009). The higher 

levels of the QrcABCD of S. fumaroxidans in cells grown in syntrophy might be 

explained by its involvement in electron transfer to the periplasmic formate 

dehydrogenases Fdh3 and Fdh5 (Figures 4.2 and 4.3). 

Direct electron transfer from QmoABC to AprAB to facilitate the reduction of sulfate 

to sulfite has been reported in Desulfovibrio desulfuricans (Pires et al., 2003; Pereira, 

2008; Duarte et al., 2016). In Syntrophobacter, the higher expression levels of the two 

Qmo complexes in cells grown with fumarate might be due to the use of this 

membrane bound complex in transferring electrons to FrdABEF for RET. FrdABEF 

lacks a transmembrane subunit, therefore it has been speculated that it receives 

electrons from menaquinone via cytochrome b and cytochrome b:quinone 

oxidoreductases (Müller et al., 2010), however these cytochromes were not detected 

in our study. 

DsrMKJOP is another highly conserved membrane complex in SRB (Rabus et al., 

2015). In many Gram-positive SRB only the cytoplasmic-facing DsrMK genes are 

present, suggesting that this is the minimal functional module (Pereira et al., 2011). 
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Although in S. fumaroxidans the complete gene set of DsrMKJOP is present, only 

the essential subunits (DsrMK), and the periplasmic DsrO were detected in our 

proteomic study. In the heat map shown in Figure 4.3 the expression profile of 

DsrMKO is similar to that of the Hdr/Flox complex. If Hdr/Flox is used in all 

conditions to confurcate electrons as will be discussed below, DsrMKO might be 

involved in electron transfer with this complex. 

HdrABC/FloxABCD, a novel NADH dehydrogenase/heterodisulfide reductase 

widespread in anaerobic bacteria has been proposed to be involved in flavin-based 

electron bifurcation in D. vulgaris Hildenborough (Ramos et al., 2015). The Flox 

proteins (Sfum_1970-1973) of the Hdr/Flox of S. fumaroxidans were constitutively 

present in all the conditions. Nevertheless, the Hdr-like complex in the Hdr/Flox 

cluster have a composition different to the canonical HdrABC. For instance, HdrBC 

is replaced by the cysteine-rich containing HdrD (Sfum_1969), which was not 

detected in our analysis. Furthermore, two hdrA genes are present (Sfum_1974 & 

Sfum_1977), but only the product of Sfum_1977 was detected. Hdr/Flox could be 

another confurcating system used by S. fumaroxidans to re-oxidize NADH during 

propionate degradation, and possibly involved in recycling NAD+ during the partial 

reduction of fumarate. However, the conformational changes mentioned above might 

imply functional differences that need to be further investigated. 

For the Hdr/Mvh-p complex, the hdrABC genes (Sfum_0819-0821) are next to genes 

coding for a pyridine nucleotide-disulphide oxidoreductase comprising an HdrL 

protein (Sfum_0824). HdrL is a large protein containing HdrA and one or two NADH 

binding domains (Strittmatter et al., 2009; Pereira et al., 2011). An MvhD protein is 

encoded in Sfum_0823, but the catalytic hydrogenase subunit MvhA is not present. 

The amino acid sequence of Sfum_0822 indicates a relationship to coenzyme F420 

hydrogenase (InterPro, December 2017). However, a BlastP search of the amino acid 

sequence resulted in significant alignments with sequences of formate 

dehydrogenases in other SRB. We can only speculate if this Hdr/Mvh-p complex uses 

hydrogen or formate, but the high detection levels of the complete complex imply an 

important function in the sulfate-reducing metabolism. 

Hdr/Mvh-p was detected only in conditions where sulfate was present, axenically or 

in the presence of D. desulfuricans. The soluble complex MvhADG/HdrABC has been 

shown to perform flavin-based electron bifurcation in methanogens (Thauer et al., 

2008; Kaster et al., 2011b). We speculate that Hdr/Mvh-p is preferred when sulfate 

is available, over the confurcating hydrogenase Hyd1 which in turn was highly 

abundant in cells grown with fumarate as electron acceptor and in syntrophy, but 

not detected when sulfate was in the medium (Figure 4.2). The reason for the 

preference of Hdr/Mvh under sulfidogenic conditions is unclear. However, it could be 

related to the substrates used by this complex. The MvhADG/HdrABC in 

methanogens uses H2 to reduce ferredoxin and heterodisulfide (Kaster et al., 2011b). 
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It is possible that the exclusive high levels of Hdr/Mvh-p in our sulfidogenic 

conditions correspond to the need of reduction of the so called “bacterial 

heterodisulfide” DsrC (Venceslau et al., 2014). 

It has been suggested (Venceslau et al., 2014), that the protein DsrC could serve as 

a redox hub, linking oxidation of several substrates to sulfate reduction. Our results 

with S. fumaroxidans show DsrC as one of the most abundant proteins present in all 

conditions and significantly more abundant in syntrophy with M. hungatei. The 

recent discoveries point to the role of DsrC as an electron carrier interacting with 

DsrAB, DsrMKJOP, Hdr/Flox and Hdr/Mvh, but it could also connect other enzyme 

complexes like the fumarate reductase FrdABEF in S. fumaroxidans, which in turn 

would also explain the detection of FrdABEF in cells grown with sulfate. 

Proteomic profiling of Desulfovibrio desulfuricans 

The low amount of D. desulfuricans proteins detected from cells grown in coculture 

with S. fumaroxidans can be the result of low biomass in such condition. From 

microscopic observations we know that the ratio of S. fumaroxidans to D. 

desulfuricans was 2:1 (data not shown). Although normalization of the data 

performed with MaxQuant allowed us to compare the detected proteins with the 

other growth conditions where more proteins were identified, we rather focused in 

analysing the most abundant proteins detected in the coculture condition. 

The abundance of the periplasmic Hyd2 and periplasmic FDH3 in cells grown with 

S. fumaroxidans indicates that interspecies electron transfer carried by formate and 

hydrogen was taking place in the coculture. The abundance of the proteins involved 

in sulfate reduction confirm that D. desulfuricans was actively reducing sulfate for 

which it certainly needed electron donors which could only come from S. 

fumaroxidans in such growth condition. This shows a remarkable metabolic tendency 

of S. fumaroxidans to engage in syntrophic interactions. 

Conclusions 

This study shows the importance of formate as electron carrier in IET and RET 

during syntrophic and axenic growth of Syntrophobacter fumaroxidans. S. 

fumaroxidans utilizes a specific set of enzymes (Fdh3, Fdh4 and Fdh5) to transfer 

electrons to the syntrophic partner. Previous isolation and characterization of Fdh1 

and Fdh2 have revealed only tungsten-containing active sites (W-FDH). Biochemical 

analysis of the three above mentioned formate dehydrogenases could provide insight 

of the role of molybdenum-dependent formate dehydrogenases in syntrophic growth. 

Fdh2 and Hyn are the periplasmic enzymes used by S. fumaroxidans to recycle 

hydrogen and formate during RET. While Fdh2 is mainly coupled to Sdh during 
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succinate oxidation, Hyn seems to be coupled to Frd for fumarate reduction in 

propionate plus fumarate but also for succinate oxidation in other growth conditions. 

Although the sulfate-reducing metabolism is poorly regulated, the abundance of 

membrane-bound complexes like Qrc, Qmo and DsrMKJOP, consistently found in all 

conditions, as well as the absence of cytochromes in the present study (only 2 

cytochromes detected from 8 predicted in the genome), indicates that those 

membrane-bound complexes might play a role in the transfer of electrons between 

cytoplasmic enzymes and the periplasmic formate dehydrogenases and hydrogen 

dehydrogenases. 

Hdr/Mvh-p is the most abundant putatively confurcating system in sulfidogenic 

conditions, possibly because of its probable connection to DsrC, an electron hub in 

sulfidogenic metabolism. 

The proteomic profiles of both bacteria in the coculture of S. fumaroxidans with D. 

desulfuricans gives insight in the metabolic flexibility of S. fumaroxidans. Results 

showed a proteomic profile of S. fumaroxidans in which sulfate reduction took place, 

while energy conservation and IET mechanisms were also used similarly as in the 

syntrophic associations with methanogens. The proteomic analysis of the partner D. 

desulfuricans confirmed IET via formate and hydrogen carried on by S. 

fumaroxidans in a sulfate rich environment. 
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Supporting information 

Fig. S4.1. A. Venn diagram of the 813 proteins detected in Syntrophobacter 

fumaroxidans growth on propionate with five different (biological or chemical) 

electron acceptors. B. Principal Component Analysis performed for S. 

fumaroxidans protein profiles obtained from each triplicate grown under five 

different conditions. Symbols: Orange diamonds, sulfate reducing; Red crosses, growth 

with fumarate; Grey squares, in coculture with Desulfovibrio desulfuricans in a sulfate 

rich environment; Green triangles, in syntrophy with Methanospirillum hungatei; Blue 

circles, in syntrophy with Methanobacterium formicicum. 
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Fig. S4.2. Normalized expression matrix of energy conservation mechanisms 

predicted for Syntrophobacter fumaroxidans. Proteins are shown for five different 

growth conditions, in triplicates; from left to right: fumarate, sulfate and interspecies 

compounds transferred to: Desulfovibrio desulfuricans, M. formicicum and M. hungatei. 

The colour scale illustrates the relative detection level of each protein across the 5 

samples; blue (log ratio -2.5) and yellow (log ratio 2.5) indicate lower and higher levels 

compared to the average level value (in black), respectively. Not detected proteins in a 

specific condition appear in grey. (*) indicates a statistical significant difference in at least 

one condition. 
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Fig. S4.3. A. Venn diagram of the 827 proteins detected in Desulfovibrio 

desulfuricans growing in sulfate rich medium in coculture with 

Syntrophobacter fumaroxidans or axenically on H2/CO2 or formate. B. PCA 

performed for D. desulfuricans protein profiles. Symbols: red diamonds, 

hydrogenotrophic conditions; black squares, growth with formate and filled grey squares 

correspond to the cocultured partnership of D. desulfuricans with S. fumaroxidans. 
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Fig. S4.4. Heat map of hierarchical clustered proteins produced by 

Desulfovibrio desulfuricans. The proteins are shown in a clustered matrix after 

column Z-score normalization and automatic hierarchical columns clustering. Three 

growth conditions, in triplicates, are shown according to the electron donor used; from left 

to right: formate, hydrogen and compounds transferred from Syntrophobacter 

fumaroxidans. The colour scale represents the relative detection level of each protein 

across the samples; blue log ratio -3, yellow log ratio 3, red log ratio 4 and green log ratio 

4.5 indicate lower and higher levels compared to the average level value in black, 

respectively. The colour intensity indicates the degree of protein up- or down regulation; 

the grey colour represents not detected.  
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Fig. S4.5. Normalized expression matrix of hydrogenases and formate 

dehydrogenases of Desulfovibrio desulfuricans. The rows in the heat map show 

proteins levels after row Z-score standardization in three different growth conditions. The 

columns show from left to right, in triplicates, the electron donor used by D. desulfuricans: 

hydrogen, formate and interspecies compounds transferred from Syntrophobacter 

fumaroxidans. The colour scale indicates the degree of protein down- or up regulation 

ranging from blue (-2.2 log ratio), to yellow (2.2 log ratio). The colour intensities indicate 

lower and higher levels compared to the average level 0 value (in black); the grey colour 

represents not detected. Subunits are indicated after the locus tag. 
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Fig. S4.6. Heat map of hierarchical clustered proteins produced by 

Syntrophobacter fumaroxidans for propionate degradation. The proteins are 

shown in a clustered matrix after automatic hierarchical cluster of rows from row Z-score 

normalization values. Proteins appear from left to right, in triplicates, according to the 

growth conditions defined by the electron acceptor used by S. fumaroxidans to oxidize 

propionate: fumarate, sulfate and interspecies compounds transferred to: Desulfovibrio 

desulfuricans, Methanobacterium formicicum and Methanospirillum hungatei. The colour 

scale illustrates the relative detection level of each protein across the samples; blue log 

ratio -2.5, yellow log ratio 2.5 and red log ratio 3 indicate lower and higher levels compared 

to the average level value 0 in black. The colour intensity indicates the degree of protein 

up- or down regulation; the grey colour represents not detected. 

 

 

Fig. S4.7 Schematic representation of energy converting complexes and 

proteins involved in sulfate reduction in Syntrophobacter fumaroxidans 

during propionate oxidation. 
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One need not make it first… 

but one must know how to make it!  
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Abstract 

The hydrogenotrophic methanogens Methanospirillum hungatei and 

Methanobacterium formicicum are frequently used as syntrophic partners in 

methanogenic cocultures. We performed a proteomic analysis of these methanogens 

grown on H2/CO2, formate and in syntrophy with the propionate-degrading 

bacterium Syntrophobacter fumaroxidans. We identified the most abundant proteins 

used for methane formation and energy conservation, and discussed differences 

among the cultured conditions and between the methanogens. M. formicicum uses a 

F420-non-reducing hydrogenase (MvhADG) for bifurcation to couple the final 

methane-producing step catalysed by heterodisulfide reductase (Hdr), to the initial 

CO2-reducing step catalysed by formylmethanofuran dehydrogenase (Fmd). M. 

hungatei lacks the MvhAG subunits of the F420-non-reducing hydrogenase MvhADG, 

instead it employs an F420-reducing hydrogenase (FrhADGB). Moreover, F420-

dependent formate dehydrogenases are also used by both methanogens, 

predominantly in syntrophic growth, for bifurcation. Differential production of 

enzymes such as Mcr, Mrt and Hdr were found in the methanogenic pathway as well 

as in diverse extracellular structures such as archaellum and pili. Although both 

methanogens can grow on hydrogen and formate, the molecular mechanisms 

analysed in this study, points to the use of hydrogen in M. formicicum, and of formate 

in M. hungatei, as electron carriers in their metabolism. 

Keywords: Methanogenesis, hydrogen, formate, electron transfer, electron 

bifurcation, syntrophy, Methanomicrobiales, Methanobacteriales. 
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Introduction 

Hydrogenotrophic methanogens grow by reducing CO2 with hydrogen to methane. 

Many hydrogenotrophic methanogens are also able to use formate for growth (Thauer 

et al., 2008). Methanogens play an essential role in degradation of volatile fatty acids 

by removing the excess of hydrogen produced by acetogenic bacteria. In the absence 

of inorganic electron acceptors, the overall anaerobic degradation of fatty acids 

becomes energetically feasible only at low hydrogen and formate concentrations 

(Schink, 1997; McInerney et al., 2008; McInerney et al., 2009; Stams and Plugge, 

2009). The capacity of the methanogens to keep concentrations of hydrogen and 

formate very low has been used to obtain syntrophic cocultures with anaerobic 

acetogenic bacteria degrading butyrate (McInerney et al., 1979), propionate (Boone 

and Bryant, 1980) and acetate (Zinder and Koch, 1984) among other short and long 

chain fatty acids (Sousa et al., 2007). Since these methanogenic partners can use both 

hydrogen and formate, the role of each in interspecies electron transfer (IET) is not 

clear. The importance of formate as electron carrier in IET was addressed before 

(Boone et al., 1989), particularly in the syntrophic degradation of propionate (Dong 

et al., 1994; Dong and Stams, 1995; de Bok et al., 2002b).  

In this study, we investigated the metabolism of two hydrogenotrophic methanogens 

growing in pure culture with formate or H2/CO2. Furthermore, we compared the 

axenic growth of these methanogens to their growth as syntrophic partners of 

Syntrophobacter fumaroxidans strain MPOBT, a propionate-degrading bacterium. 

Methanospirillum hungatei strain JF1T is a formate- and hydrogen-utilizing 

methanogen (Ferry and Wolfe, 1976) and the model partner of S. fumaroxidans 

(Stams et al., 1993). The draft genome of M. hungatei has been analysed (Worm et 

al., 2011b), and its complete genome sequence was described (Gunsalus et al., 2016). 

Methanobacterium formicicum strain MFT is another hydrogen- and formate-

utilizing methanogen (Bryant and Boone, 1987) which also has been used in 

syntrophic studies with S. fumaroxidans (Dong et al., 1994; Worm et al., 2011b) and 

to obtain defined syntrophic associations with Pelotomaculum schinkii (de Bok et al., 

2005) and Syntrophomonas zehnderi (Sousa et al., 2007). Although the genome of the 

neotype strain Methanobacterium formicicum MFT and of a strain of rumen origin 

M. formicicum BRM9 are available, their analysis is limited (Kelly et al., 2014; Maus 

et al., 2014). 

Here, we extended the genomic analysis of M. formicicum and with a proteomic 

analysis of both methanogens we studied and compared their metabolism in the 

three culture conditions. Our aim was to pinpoint the key enzymes that vary between 

the two electron donors, H2 and formate, and between axenic and syntrophic growth, 

as well as to understand the differences between the two methanogens. 
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Materials and methods 

Organisms and growth conditions 

Cocultures of Syntrophobacter fumaroxidans MPOBT (DSM 10017) with 

Methanospirillum hungatei JF1T (DSM 864) or with Methanobacterium formicicum 

MFT (DSM 1535) were grown with 30 mM of propionate without electron acceptor in 

anaerobic medium as described previously (Stams et al., 1993). Axenic cultures of M. 

hungatei and M. formicicum were grown with 40 mM formate or with hydrogen (1.7 

atm H2/CO2 80:20 vol/vol) and supplemented with 1 mM of acetate. All 

microorganisms were batch cultured in triplicate at 37 °C in 1-litre flasks with 550 

ml medium under anaerobic conditions provided by a gas phase of 172 kPa (1.7 atm) 

N2/CO2, or H2/CO2 (80:20, vol/vol) when hydrogen was required. Cells were harvested 

during mid-exponential growth phase. The cultures for the experiment were 

inoculated with cells from cultures that were transferred at least ten times on their 

respective electron donor before the start of the experiment. 

Harvesting cells and Percoll gradient centrifugation 

Cells were aerobically harvested by centrifugation at 16,000 g for 16 minutes at 4 °C. 

The pellet was washed twice with TE buffer (10 mM Tris-HCl, pH 7.5; 1 mM EDTA). 

Only cells from the syntrophic coculture of S. fumaroxidans and M. hungatei were 

separated by Percoll gradient centrifugation (Percoll®, Sigma-Aldrich, MO) as 

described elsewhere (de Bok et al., 2002a). The separated layers, containing 

Syntrophobacter cells in the upper layer and Methanospirillum cells in the lower 

layer, were collected and subjected to Percoll gradient separation a second time. Cells 

were then washed twice with 10 mM sodium phosphate buffer (pH 7.5). 

Protein extraction and SDS-PAGE 

Cells were resuspended in lysis buffer (100 mM Tris-HCl, pH 7.5; 4% w/v SDS; 50 

mM dithiothreitol and SIGMAFAST™ Protease Inhibitor Cocktail Tablet (Sigma-

Aldrich, MO)), and passed three times through a French press (French® Type 

Pressure Cell Disrupter, Stansted Fluid Power, Harlow, UK) at 2 MPa (40K cell). 

Cell debris and undisrupted cells were removed by centrifugation at 18,000 g for 10 

min at 4 °C. The supernatant was collected in Eppendorf™ LoBind Protein 

Microcentrifuge Tubes and stored at -80 °C. Still in the lysis buffer, proteins were 

denatured by heating at 95 °C for 5 minutes. Samples were loaded on a 10% 

polyacrylamide separation gel (25201, Precise™ Tris-HEPES Gels, Thermo 

Scientific, Rockford, US) using the Mini-PROTEAN Tetra Cell (Bio-Rad Laboratories 

B.V, Veenendaal, The Netherlands). The electrophoresis procedure was according to 

the precast gels manufacturer's instructions. Gels were stained using Coomassie 

Brilliant Blue (CBB) R-250. Protein concentration was normalized among triplicates 
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and samples in a qualitative way by analysing the gel pictures taken with G:BOX 

Chemi XT4 (Syngene, Cambridge, UK) and using the software GeneSys version 

1.5.5.0 (GeneTools version 4.03.01). 

In-gel trypsin digestion 

In-gel digestion of proteins and purification of peptides was done following a modified 

version of a previously described protocol (Rupakula et al., 2013). Disulfide bridges 

in proteins were reduced by covering the gels with reducing solution (10 mM 

dithiothreitol, pH 7.6, in 50 mM NH4HCO3), and the gels were incubated at 60 °C for 

1 h. Alkylation was performed in darkness and shaking (100 rpm) for 1 h by adding 

25 ml of iodoacetamide solution (10 mM iodoacetamide in 100 mM Tris-HCl, pH 8.0). 

Gels were thoroughly rinsed with demineralized water in between steps. Each gel 

lane was cut into 3 slices, and the slices were cut into approximately 1 mm3 cubes 

and transferred to a separate 0.5 ml protein LoBind tube (Eppendorf, Hamburg, 

Germany). Enzymatic digestion was done with trypsin sequencing grade (Roche, 

Mannheim, Germany). 100 µl of trypsin solution (5 ng/ µl trypsin in 50 mM 

NH4HCO3) were added to each tube, and incubated 2 hours at 45 °C with gentle 

shaking. To stop trypsin digestion, trifluoroacetic acid (10 %) was added to the 

supernatant to lower the pH below 5. The digested protein mixture was purified and 

concentrated using an in-house made SPE pipette tip (Lu et al., 2011).To recover 

hydrophobic peptides, 50 µl acetonitrile (vol/vol in 0.1% formic acid) was passed 

through the column. Finally, the volume was reduced to 20 µl using a SpeedVac 

concentrator and then adjusted to 50 µl with 0.1% formic acid. Samples were 

analysed using nLC–MS/MS with a Proxeon EASY nLC and a LTQ-Orbitrap XL 

mass spectrometer as previously described (Lu et al., 2011). 

LC–MS data analysis 

The obtained MS/MS spectra were processed with MaxQuant v. 1.5.2.8. Databases 

with the protein sequences of the organisms involved in the study were downloaded 

from UniProt (www.uniprot.org). An additional dataset with protein sequences of 

common contaminants (trypsin, human keratins and bovine serum albumin) was 

included. False discovery rates (FDR) of less than 1% were set at peptide and protein 

levels. Modifications for acetylation (Protein N-term), deamidation (N, Q) and 

oxidation (M) were allowed to be used for protein identification and quantification. 

All other quantification settings were kept default. Filtering and further 

bioinformatics and statistical analysis were performed with Perseus v.1.5.3.0. 

Proteins included in our analysis contain at least two identified peptides of which at 

least one is unique and at least one unmodified. Reversed hits and contaminants 

were filtered out. Protein groups were filtered to require three valid values in at least 

one experimental group. Label-free quantification (LFQ) intensities (values 

normalized with respect to the total amount of protein and all its identified peptides) 
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were used to analyse the abundance of proteins in the fractions and further 

statistical comparisons among conditions. LFQ intensities were transformed to 

logarithmic values base 10. Missing values were imputed with random numbers from 

a normal distribution, the mean and standard deviation of which were chosen to best 

simulate low abundance values close to noise level (Width: 0.3 and downshift 1.8 

times). A multiple-sample test (ANOVA) with permutation based FDR statistics (250 

permutations, FDR=0.01 and S0=1) was applied to filter significant proteins. PCA 

were performed with default settings and without category enrichment in 

components. Z-score normalization in which the mean of each row (where each row 

is a protein in triplicate and in different conditions) is subtracted from each value 

and the result divided by the standard deviation of the row was applied before 

clustering. Hierarchical clustering of rows, using Euclidean distances, produced a 

heat map representation of the clustered data matrix. Row clusters were 

automatically defined and exported to a new matrix. Imputed values were then 

replaced back to missing values and previously defined clusters were displayed in a 

new heat map. 

Genome analysis of Methanobacterium formicicum 

Amino acid sequences of protein coding genes for methanogenesis and energy 

conservation in M. hungatei were obtained from the Integrated Microbial Genomes 

(IMG) system in DOE-Joined Genome Institute (Version 4.560 Mar. 2016). Such 

sequences were used to retrieve similar functional genes in the genome of M. 

formicicum using the BLAST (Altschul et al., 1990) service of the IMG website. The 

locus tags assigned to the genes of M. formicicum in UniProt are referred to as 

DSM1535_xxxx, where the x indicate the gene numbers. For practical purposes in 

this study we refer to the locus tag of M. formicicum as Mfor_xxxx. Amino acid 

sequences obtained from the best hits were then analysed with InterProScan 5 

(version 5RC7, 27th January 2014) to corroborate the presence of key functional 

domain profiles. TMHMM Server v. 2.0 (Krogh et al., 2001) was used to identify 

transmembrane helices and the Tat  P  1.0  Server of CBS was used to predict twin-

arginine translocation (Tat) motifs (Bendtsen et al., 2005).   

Results and discussion 

Proteomic profiles and most abundant proteins 

The genome of M. hungatei predicts 3,239 protein-coding genes (Gunsalus et al., 

2016). Our proteome analysis detected 825 proteins, of which 149 proteins are 

without known function. The core proteome of M. hungatei consisted of 625 proteins 

which were detected in all studied conditions. 186 proteins were detected only in the 

axenic conditions, namely formate- and hydrogen-grown cells, but not in 

syntrophically grown cells (Supporting information, Fig. S5.1.A). The number of 
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proteins detected in the syntrophic growth condition, only 631, was substantially 

lower than the amount obtained in the hydrogen and formate conditions with more 

than 800 proteins each. Considering that the protein extraction was equally 

successful, and the protein concentration analysed was the same for all studied 

conditions, this difference in the number of proteins detected was unexpected. This 

may indicate a more constrained metabolism when the methanogen grows in 

syntrophy and is limited by the efficiency of the bacterial partner to provide 

hydrogen, formate and possibly other compounds. The few exclusive proteins for each 

condition were without predicted function.  

The genome of M. formicicum has only 2,409 protein-coding genes (Maus et al., 2014). 

Our study resulted in the detection of 716 proteins of which 117 are with unknown 

function. The core proteome comprises 574 proteins present in all conditions. 137 

proteins were exclusively detected in cells grown with hydrogen or formate, but not 

in syntrophically grown cells. (Supporting information, Fig. S5.1.B). Similarly, 

as in M. hungatei, the number of proteins obtained from syntrophically grown cells 

(576) was lower than that obtained from pure cultures. A lower number of proteins 

detected in syntrophically grown cells indicate, for both methanogens, that during 

syntrophic growth a restricted set of proteins are produced to perform 

methanogenesis. 

Principal component analysis (PCA) was used to determine the protein abundance 

variation of the samples according to the different electron donors used for growth: 

hydrogen, formate or compounds derived from S. fumaroxidans (Figure 5.1). For 

both methanogens, the first principal component (PC1; ~76% of total variance) 

clearly separates the proteomic profiles of the syntrophic conditions from those in 

axenic growth. However, PC1 does not establish a difference between growth on 

hydrogen or on formate for any of the methanogens. The second principal component 

in M. hungatei (PC2; 7% of total variance) differentiates the three growth conditions. 

However, for M. formicicum, PC2 does not differentiate between growth with formate 

and the syntrophically grown cells, with the notable exception of one triplicate of the 

latter. Nevertheless, PC2 accounts for only 6.3% of the variability of the data. 

Methanogenesis pathway 

All the proteins previously predicted to be involved in the production of methane from 

hydrogen + CO2 and formate by M. hungatei (Gunsalus et al., 2016) were abundant 

in our study. For M. formicicum, we performed our own genomic analysis to manually 

reconstruct the methanogenic pathway and verified the production of the predicted 

proteins with the proteomic results. 
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Figure 5.1. Principal Component Analysis performed for Methanospirillum 

hungatei (left) and Methanobacterium formicicum (right) proteins produced in 

three growth conditions. Symbols: red diamonds, hydrogenotrophic conditions; black 

squares, growth with formate; Green triangles and blue circles correspond to the 

cocultured partnership of M. hungatei and M. formicicum respectively with 

Syntrophobacter fumaroxidans. 

The first step in methanogenesis from CO2 is catalysed by a formylmethanofuran 

dehydrogenase. Two isoenzymes have been found in methanogens, a tungsten-

containing isoenzyme (Fwd) and a molybdenum-containing isoenzyme (Fmd) 

(Thauer, 1998). Both isoenzymes present in the thermophilic methanogen 

Methanothermobacter marburgensis strain Marburg have been purified and studied 

further (Hochheimer et al., 1995; Hochheimer et al., 1996; Hochheimer et al., 1998). 

Moreover, genomic and amino acid sequence comparisons have shown that the 

catalytic subunits of molybdenum isoenzymes (fmdB), such as the one from 

Methanosarcina barkeri, are more closely related to the molybdenum isoenzymes 

than to the tungsten isoenzymes from M. marburgensis or Methanothermobacter 

wolfeii (Vorholt et al., 1997). We compared the amino acid sequences of the three 

catalytic subunits found in M. hungatei (mhun_1983, mhun_1988, mhun_1994) and 

the one found in M. formicicum (Mfor_1495) to all the known fmdB and fwdB 

sequences used in the analysis of (Vorholt et al., 1997). All the sequences of the 

catalytic subunits of M. hungatei and M. formicicum are less than 45% identical to 

the molybdenum fmdB from M. barkeri, M. marburgensis and M. wolfeii. In contrast, 

the identities to the tungsten fwdB from M. marburgensis, M. wolfeii, 

Methanocaldococcus jannaschii and Methanopyrus kandleri were in all cases above 

45%. Although it has been implied that the tungsten isoenzyme FwdB prevails in 

thermophilic and hyperthermophilic methanogens (Hochheimer et al., 1998), a 

tungsten FwdB is presumably present in the mesophilic Methanosarcina acetivorans 

and M. barkeri (Matschiavelli and Rother, 2015). Therefore, it is possible that M. 

hungatei and M. formicicum contain the tungsten isoforms of formylmethanofuran 

dehydrogenase. 
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Of the three sets of formylmethanofuran dehydrogenases (Fmd/Fwd) in M. hungatei, 

the enzyme encoded in Mhun_1981-1984 was predominant in all the analysed 

conditions. The Fmd/Fwd encoded in Mhun_1987-1994 was not detected and only the 

major subunits of the third Fmd/Fwd (Mhun_2106-2112) were detected in our 

analysis (Figure 5.2). For M. formicicum only one Fmd/Fwd was found encoded in 

the genome (Mfor_1492-1497) and its proteins were constitutively detected in our 

analysis. Other minor subunits such as Fmd/Fwd-E, Fmd/Fwd-F and Fmd/Fwd-G 

were found elsewhere encoded in the genome (Mfor_1518 & 1521, Mfor_1527 and 

Mfor_1528 respectively) and abundant in the proteome. Interestingly, subunit 

Fmd/Fwd-F contains a polyferredoxin that is believed to be the ferredoxin that 

mediates electron transfer to Fwd/Fmd after bifurcation from the complex Hdr/Mvh 

(Hochheimer et al., 1995; Costa et al., 2010). Therefore, the production of these kind 

of proteins might be related to the transfer of electrons in the metabolic processes. 

Of the three methenyl-tetrahydromethanopterin (methenyl-H4MPT) 

cyclohydrolases (Mch) predicted in the genome of M. hungatei, Mch2 (Mhun_0444) 

was the most abundant and detected in all conditions, while Mch1 (Mhun_0022) was 

only detected in axenic conditions and Mch3 (Mhun_2384) was not detected at all. In 

M. formicicum, two formylmethanofuran-H4MPT formyltransferases (Ftr1: 

Mfor_1101 and Ftr2: Mfor_2022) were detected in all conditions, although Ftr1 was 

significantly more abundant than Ftr2. 

Methylene-H4MPT dehydrogenase (Mtd) and methylene-H4MPT reductase (Mer) 

were detected in high levels in both methanogens. In M. hungatei these enzymes 

were significantly more abundant in syntrophically grown cells while in M. 

formicicum they were constitutively produced at the studied conditions. Mtd and Mer 

play an important role in re-oxidation of cofactor F420, and, excluding a couple of 

histones, were the most abundant proteins together with methyl-coenzyme M 

reductase (Mcr) in both methanogens. 

M. formicicum contains two isoenzymes of methyl-CoM reductase: isoenzyme I 

(McrABG) encoded by the transcription of McrAGCDB and isoenzyme II (MrtABG) 

encoded by MrtAGDB (Figure 5.2). Mcr (Mfor_0905-0909) was detected in 

significantly higher levels in syntrophically grown cells. Mrt (Mfor_1092-1095) on 

the other hand was not detected in syntrophic conditions, but very high levels were 

found in axenically grown cells.The transcription of Mcr and Mrt is dependent on the 

growth phase and substrate availability. While Mrt is mainly transcribed in the early 

exponential phase, Mcr is preferably expressed in the late exponential growth phase 

(Bonacker et al., 1992; Morgan et al., 1997). We harvested our cells during mid-log 

phase, so we can only speculate whether the absence of Mrt in syntrophically grown 

cells with S. fumaroxidans corresponds to a slight difference in the time of harvest 

or to the limited supply of hydrogen or formate during syntrophic conditions. 
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In both methanogens subunit McrC of methyl-CoM reductase was not detected, while 

McrD and MrtD were detected in lower levels than the rest of the methyl-CoM 

reductase subunits. The function of these subunits is not known, although a role in 

the activation of the enzyme and in posttranslational modifications, respectively, has 

been proposed (Prakash et al., 2014; Zheng et al., 2016). 

Finally, the membrane-bound H4MPT S-methyltransferase (Mtr) and the soluble 

heterodisulfide reductase (Hdr) were consistently detected in both methanogens 

grown at the different conditions. Nevertheless, subunit HdrA (Mhun_1838) in M. 

hungatei was significantly more abundant in syntrophically grown cells. The 

catalytic site of the heterodisulfide reductase is located in subunit HdrB 

(Mhun_1837), but HdrA contains the FAD-binding domain and four [4Fe-4S] clusters 

that allegedly make this subunit the site where electron bifurcation takes place 

(Hedderich et al., 1994; Hamann et al., 2007). In the genome of most methanogens, 

HdrA is non-adjacent to HdrBC, consistent with the possible use of HdrA in other 

complexes besides Hdr (Hedderich et al., 1994; Kaster et al., 2011a). In M. hungatei 

HdrA is adjacent to HdrBC, but in M. formicicum not. In fact, two genes coding for 

the HdrA subunit are scattered in the genome in positions Mfor_1232 (hdrA1) and 

Mfor_2055 (hdrA2), while hdrBC are in Mfor_0471-72. Although the HdrA1 of M. 

formicicum was equally abundant in all conditions, its levels were significantly 

higher than the HdrBC complementary subunits. Moreover, HdrA2 was detected 

only in axenically grown cells. These results in both methanogens suggest that HdrA 

is used in bifurcating mechanisms of energy conservation in association with other 

complexes besides HdrBC. Remarkably, in the genome of M. hungatei next to 

hdrABC the subunit Fwd/Fmd-F is encoded in Mhun_1835 (fwd/fmdF), which as 

mentioned before is thought to function as an electron carrier between Hdr and 

Fwd/Fmd. FwdF was abundant in all growing conditions of M. hungatei. 

Figure 5.2. Protein expression heat map of the of the proteins used in 

methanogenic pathways of Methanospirillum hungatei JF1 (left) and 

Methanobacterium MFOR (right). The rows in the heat map show proteins levels after 

Z-score standardization in three different growth conditions. The columns show from left 

to right, in triplicates, the electron donor used by the microorganisms to produce methane: 

formate, hydrogen and interspecies compounds transferred from Syntrophobacter 

fumaroxidans. The colour scale indicates the degree of protein down- or up regulation 

ranging from blue (-2.5 log ratio), to yellow (2.5 log ratio). The colour intensities indicate 

lower and higher levels compared to the average level 0 value (in black); the grey colour 

represents not detected. Fwd/Fmd: formylmethanofuran dehydrogenase; Ftr: 

formylmethanofuran-H4MPT formyltransferase; Mch: methenyl-H4MPT cyclohydrolase; 

Mtd: methylene-H4MPT dehydrogenase; Mer: methylene-H4MPT reductase; Mtr: 

membrane bound H4MPT S-methyltransferase; Mcr & Mrt: methyl-CoM reductase 

isoenzyme I & II respectively; Hdr: heterodisulfide reductase; and Mvh: F420-non-reducing 

hydrogenase. (*) indicates a statistically significant difference in at least one condition. 

Subunits are indicated after the locus tag. 
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Role of formate and hydrogen in methanogenesis 

Insight into the mechanism by which methanogens oxidize hydrogen or formate is 

important from the perspective of the use of these compounds as electron carriers in 

the metabolic processes and for energy conservation. In hydrogenotrophic 

methanogens like M. hungatei and M. formicicum formate and hydrogen are the 

electron donors that generate reduced ferredoxin and cofactor F420 that are used in 

diverse steps of the methanogenic pathway (Supporting information, Fig. S5.3 & 

S5.4). There are indications that hydrogen is formed when methanogens grow on CO 

and formate (Costa et al., 2013a; Diender et al., 2016). The need of hydrogen to start 

methanogenesis from CO2 can be explained by its role in the so called Wolfe cycle 

(Thauer, 2012), a flavin-based electron bifurcation mechanism that links the initial 

reduction of CO2 by Fwd/Fmd with a multi-complex formed by HdrABC and an F420-

non-reducing hydrogenase (MvhADG) (Setzke et al., 1994; Stojanowic et al., 2003; 

Hedderich et al., 2005). However, many members of the Methanomicrobiales lack the 

genes coding for MvhA and MvhG (Thauer et al., 2010). That is the case for M. 

hungatei, where only mvhD (Mhun_1839) is found in the genome adjacent to hdrABC 

(Figure 5.2). MvhD was abundant in all growing conditions of M. hungatei. 

It has been suggested that the subunits FrhAG of a coenzyme F420-dependent [NiFe]-

hydrogenase (FrhADGB) are used instead of MvhAG to form a functional complex 

with the MvhD subunit and HdrABC (Anderson et al., 2009; Kaster et al., 2011a). 

Indeed, the FrhADGB of M. hungatei (Mhun_2329-2332) was abundant in all 

conditions and the most abundant hydrogenase in this methanogen (Figure 5.3). M. 

formicicum on the other hand, is a member of Methanobacteriales and contains a 

complete MvhADGB (Mfor_0880-0883) which was also abundant in all conditions. 

Therefore, it is possible that MvhADGB in M. formicicum and FrhADGB in M. 

hungatei are the enzymes involved in the multi-subunit bifurcating complex that 

with HdrABC couples the exergonic reduction of CoM-S-S-CoB to the unfavourable 

reduction of ferredoxin with H2 (Kaster et al., 2011b). 

 

Figure 5.3. Normalized expression matrix of hydrogenases and formate 

dehydrogenases of Methanospirillum hungatei JF1 (left) and 

Methanobacterium formicicum MFOR (right). Protein abundance levels are shown 

after Z-score normalization. The detected proteins are shown for three different growth 

conditions. The columns show from left to right, in triplicates, the electron donor used by 

the microorganisms: formate, hydrogen and interspecies compounds from 

Syntrophobacter fumaroxidans. (*) marks a statistically significant difference in at least 

one condition. The colour intensity indicates the degree of protein up- or down regulation 

compared to the average level value in black; the grey colour is used for not detected 

proteins. 
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During growth on formate electrons may flow from formate to Hdr using an F420-

reducing formate dehydrogenase instead of the F420-reducing hydrogenase (Costa et 

al., 2010). For this reason, H2 is not required as intermediate in methanogenesis from 

formate (Lupa et al., 2008). 

In M. formicicum only fdh1 (Mfor_1485-1486) codes for cofactor F420 binding domains. 

Fdh1 was detected in all conditions in M. formicicum, and significantly more 

abundant in syntrophically grown cells. Fdh2 was not detected in any growth 

conditions in our study. The amino acid sequence of this enzyme, fdh2 (Mfor_1505-

1506), does not predict cofactor F420 binding domains. In the case of M. hungatei, the 

five formate dehydrogenases present in its genome are nearly identical (Gunsalus et 

al., 2016), and all of them contain cofactor F420 binding motives in their amino acid 

sequences. Therefore, all of them could in theory be used in the Wolfe cycle, although 

Fdh1 (Mhun_1813-1814) was the most abundant formate dehydrogenase in all 

conditions and significantly more abundant in syntrophically grown cells. 

When methanogens use formate as substrate, it is first imported inside the cell by 

the formate transporter, then it is oxidized by a formate dehydrogenase to generate 

reduced cofactor F420 (F420H2) which is required in several steps of methanogenesis. 

In the genome of both methanogens genes coding for Fdh1 (Mhun_1813-1814 & 

Mfor_1485-1486) are adjacent to their formate transporter coding gene (Mhun_1811 

& Mfor_1487). These formate transporters and formate dehydrogenases were among 

the most abundant proteins detected in both methanogens. Therefore, the Fdh1 in 

each methanogen, is most probably the main formate dehydrogenase used to 

generate F420H2 necessary for the intermediate reduction steps in methanogenesis 

performed by Mtd and Mer. Moreover, significantly higher levels of the formate 

transporter and the associated Fdh1 were detected in syntrophically grown cells of 

both methanogens in comparison with axenic conditions. This indicates that formate 

was an important compound provided from Syntrophobacter fumaroxidans.  

In M. hungatei, Fdh2 (Mhun_1832-1833) was not detected. Interestingly, Fdh3 

(Mhun_2020-2021) was the only formate dehydrogenase that was significantly more 

abundant in formate-grown cells. Thus, it might be that it has a similar function as 

Fdh1. Fdh4 (Mhun_2022-2023) and Fdh5 (Mhun_3237-3238) were more abundant in 

syntrophically grown cells. Fdh5 was the second most abundant formate 

dehydrogenase after Fdh1 and followed by Fdh4. We suggest that Fdh4 and Fdh5 

associate with HdrA, which is also more abundant in syntrophic cultures, to form 

bifurcating protein complexes for energy conservation at energy-limited conditions 

such as during syntrophic growth. 

Of the five hydrogenases predicted from the genome of M. hungatei, only two were 

detected in our proteome study, Frh and Ech. Although not all the subunits of the 

energy-conserving hydrogenase (Ech) were detected, the most important parts 
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corresponding to the catalytic subunit (EchE: Mhun_1745) and the major membrane 

integrated subunit (EchA: Mhun_1741) were detected. Consequently, the complex 

was considered functional. This was not the case for the membrane-bound 

hydrogenase, where only the alpha-subunit of the complex (MbhA: Mhun_2590) was 

detected in low levels. However, in previous transcriptomic studies the transcription 

levels of this complex were higher than those of Ech in all tested conditions (Worm 

et al., 2011b). Furthermore, our results contrary to the transcriptomics study show 

a significant higher abundance of Ech in syntrophic conditions. Although an 

important anaplerotic role of energy-converting hydrogenase Eha in 

hydrogenotrophic methanogens was proposed (Lie et al., 2012), this membrane-

bound complex was not detected in the present study and it was not considered in 

the previous transcriptomic study. 

In contrast to M. hungatei, all the hydrogenases found in the genome of M. 

formicicum were detected in our analysis. Although only few subunits of the 

multimeric energy-converting hydrogenases Eha and Ehb were detected, these 

corresponded to the active sites of the complexes. Therefore, we categorized the 

enzymes as being produced. In M. formicicum, also Frh was the most abundant 

hydrogenase in all studied conditions, excluding Mvh which has been discussed 

above. The relative abundance of all the hydrogenases remains constant among the 

studied conditions, and only the alpha-subunits of the Hyd1 and Frh showed a 

significant increase in cells that were grown axenically. Also, in both axenic 

conditions MvhADGB is the most abundant energy conservation protein, and only in 

syntrophically grown cells the Fdh1 and the formate transporter were more 

abundant than MvhADGB. 

In a previous transcriptomic analysis, no main differences in the transcriptional 

levels of hydrogenases or formate dehydrogenases of M. hungatei were observed 

between cells grown syntrophically or grown with hydrogen or formate (Worm et al., 

2011b). It has been documented that the propionate degradation rate of S. 

fumaroxidans in coculture with M. formicicum was lower than that in the coculture 

with M. hungatei, and that this might be related to the Km values of the formate 

dehydrogenases of the methanogenic partners as well as their formate threshold 

values (Dong et al., 1994).  

A proteomic study of propionate degradation by S. fumaroxidans in axenic conditions 

and in syntrophy with M. hungatei and M. formicicum (Sedano-Nunez et al., 

unpublished), revealed that formate is the preferred carrier by the bacterium in the 

interspecies electron transfer to the syntrophic partner. The present study indicates 

that M. hungatei mainly uses formate dehydrogenases in its methanogenic 

metabolism, while most of its multiple hydrogenases seemingly are not used, or at 

least were not detected in our study. In contrast, M. formicicum relies on its 
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hydrogenases regardless the electron donor available, which in the syntrophic 

association with S. fumaroxidans it is likely formate.  

Carbon assimilation, autotrophy in M. formicicum vs acetate dependence in 

M. hungatei 

Hydrogenotrophic methanogens can assimilate carbon via acetyl-CoA generated 

from methyl-H4MPT. The reductive acetyl-CoA pathway includes a reduction of CO2 

to CO, which is subsequently combined with methyl-H4MPT and CoA-SH to form 

acetyl-CoA. The key enzyme that performs these reactions is therefore referred to as 

CO dehydrogenase-acetyl-CoA synthase (ACs-COdh) (Berg et al., 2010). Both M. 

hungatei and M. formicicum encode in their genome ACs-COdh (Mhun_0686-0690 

and Mfor_0757-0763, respectively). The role of ACs-COdh in M. hungatei is unknown 

since the archaeon, despite having the necessary genes to fix carbon, needs to acquire 

acetate supplied in the medium as the major supply for cell carbon (Ferry and Wolfe, 

1977). As can be seen in Figure 5.3 the ACs-COdh of M. hungatei was scarcely 

detected. It might be argued that ACs-COdh was not produced by M. hungatei since 

acetate was supplemented in the medium. However, the same medium supplied with 

acetate was used to grow M. formicicum, in which high levels of detection of the ACs-

COdh complex in all conditions indicates a role in assimilatory metabolism. The 

epsilon subunit of the complex and the COdh maturation protein (Mfor_0760) were 

not detected in any condition. Interestingly these subunits have been found in higher 

abundance in M. marburgensis when performing CO-oxidation (Diender et al., 2016). 

Since in our study CO oxidation does not take place, these subunits were absent in 

the proteome. 

Other abundant proteins in all growth conditions 

The total intensity-based absolute quantification (iBAQ) was used to rank the most 

abundant proteins produced in all growth conditions. Proteins associated with 

protection, transport and stabilization of other proteins and macromolecules are 

commonly abundant in several microbial proteomic studies (Ishihama et al., 2008; 

Moriya, 2015). This is also the case for our proteomic analysis of M. hungatei and M. 

formicicum. 

In M. hungatei, among the most abundant proteins was an uncharacterized protein 

(Mhun_2513) containing a domain of unknown function DUF3821 (IPR024277). This 

domain is largely confined to sequences from Methanomicrobiales and found in 

putative lipases, but the function is still unknown (InterPro, 5RC7, 27th January 

2014). Two other proteins (Mhun_1218 & Mhun_3140) that are related to the 

formation of archaeal pili and archaeal flagella were also among the most abundant 

proteins in all the studied conditions of M. hungatei. Previous genomic analysis 

predicted the presence of a basal body structure in the flhGFHIJ (Mhun_0101-0105) 
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gene cluster in M. hungatei (Gunsalus et al., 2016). However, only one subunit of the 

flhGFHIJ complex was detected at low levels in our study (Figure 5.4). 

The extracellular filament structure formerly called archaeal flagellum is now 

referred to as archaellum (Jarrell and Albers, 2012). In addition to motility, the 

archaella are involved in cellular adhesion, biofilm formation and symbiotic 

interactions such as cell-cell contact (Bellack et al., 2011; Jarrell et al., 2011). Of the 

three genes coding for the archaella filaments in M. hungatei, only the product of 

Mhun_3140 was detected. This protein was among the most abundant in all 

conditions, and not only in syntrophic grown cells, therefore a role of cell-cell 

interaction with the syntrophic partner is not likely, although motility or other type 

of adhesion are still feasible traits. The atomic model of this specific archaellum 

protein indicates that archaella exhibit similarities to both bacterial flagella and 

bacterial type IV pili (Poweleit et al., 2016). 

Besides the archaella structures, the genome of M. hungatei reveals the presence of 

12 genes coding for Archaeal type IV pili. Archaeal pili also play important roles in 

surface adhesion and they could also play a role to establish cell to cell interactions 

with the syntrophic partner (Esquivel et al., 2013). Although these appendages have 

never been observed by electron microscopy, the product of one of these paralogs 

(Mhun_1218) was the fourth most abundant protein in M. hungatei, and it was 

consistently present in the three studied conditions. Interestingly, the other four 

paralogs (Mhun_0296-0299) were detected at high levels in cells grown axenically 

but were not detected in syntrophically grown cells. Lastly two more paralogs 

(Mhun_0310-0311) were retrieved in all conditions, but these were significantly more 

abundant in axenic conditions (Figure 5.4). These results indicate that the function 

of these archaeal pili, as in the case of the archaella, is not dependent on syntrophic 

associations, but they might still be linked to cell-cell interactions among the 

methanogens themselves. 

Other proteins that could be involved in regulating cell adhesion are surface layer 

proteins (SLP or S-layer proteins). In Methanosarcina mazei and M. acetivorans 

SLP’s are thought to regulate cell adhesion and it was found that beta-propeller, 

PKD, and beta-helix domains account for the complete architecture of numerous 

SLPs in those methanogens (Jing et al., 2002). Many hypothetical proteins 

containing these domains were found in the genome of M. hungatei (Mhun_2440-42; 

Mhun_0417-0426). Moreover, several of those proteins ranked high in the total iBAQ 

values. 

In contrast, in the genome of M. formicicum there are no genes coding for proteins 

containing PKD, beta-helix or beta-propeller domains. This seems reasonable since, 

with the exception of Methanothermus fervidus, there are no reports of the presence 

of an S-layer in the other known members of the Methanobacteriales (Albers and 
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Meyer, 2011). In this order a polymer similar to bacterial peptidoglycan, known as 

pseudomurein, is the predominant compound in the cell wall (Steenbakkers et al., 

2006; Visweswaran et al., 2011).  

Figure 5.4. Normalized expression matrix of proteins involved in cell-surface 

structures of Methanospirillum hungatei and Methanospirillum formicicum. 

The rows in the heat map show the detected proteins after Z-score standardization in 

three different growth conditions. The columns show from left to right, in triplicates, the 

electron donor used by the microorganisms: formate, hydrogen and interspecies 

compounds from Syntrophobacter fumaroxidans. (*) marks a statistically significant 

difference in at least one condition. The colour intensity indicates the degree of protein 

up- or down regulation compared to the average level value in black; the grey colour is 

used for not detected proteins 

Conclusions 

The higher abundance of the formate transporter and Fdh1 in syntrophically grown 

cells of M. hungatei and M. formicicum strongly indicates that interspecies electron 

transfer via formate occurred during syntrophic growth with Syntrophobacter 

fumaroxidans and that this bacterium mainly produces formate in the conversion of 

propionate. 

M. formicicum uses a F420-non-reducing hydrogenase (MvhADG) for bifurcation in 

the Wolfe cycle while M. hungatei employs a F420-reducing hydrogenase (FrhADGB). 

In syntrophic growth, a F420-dependent formate dehydrogenase is used in both 

methanogens for electron bifurcation. 

We also propose that in M. hungatei, Fdh4 and/or Fdh5 can form a bifurcating 

complex with HdrA independent of the Wolfe cycle and that these complexes are 

necessary at energy-limited growth conditions, such as during syntrophic growth. 
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Moreover, we speculate that M. hungatei uses formate in its metabolic processes 

regardless whether hydrogen or formate is the substrate. This consideration is based 

on the number of formate dehydrogenase genes present in its genome and the 

abundance of formate dehydrogenases even when hydrogen is the substrate, whereas 

many available hydrogenases were not abundant in our studied conditions. The 

higher abundance of Mtd and Mer in syntrophically grown cells in M. hungatei, fits 

with the abundance of cofactor F420 depending formate dehydrogenases Fdh1, Fdh4 

and Fdh5 also more abundant in M. hungatei cells grown with S. fumaroxidans. 

In M. formicicum on the other hand, for reduction of CO2 to methane seems to 

preferentially use hydrogen as electron carrier since all the hydrogenases in catabolic 

(Mvh, Frh and Hyd1) and anabolic reactions (EhA and EhB) were equally abundant 

in cells grown with hydrogen, formate or in syntrophy with S. fumaroxidans. Still 

the use of formate remains important in some conditions such as syntrophic growth 

with S. fumaroxidans. 
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Supporting information  

 

 

 

Fig. S5.1. Venn diagrams of the proteomic profiles of Methanospirillum 

hungatei (A) and Methanobacterium formicicum (B) growing syntrophically 

with Syntrophobacter fumaroxidans and axenically on H2/CO2 or formate. 
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Fig. S5.2. Heat map of hierarchical 

clustered proteins produced by 

Methanospirillum hungatei. Proteins 

are shown for three growth conditions, in 

triplicates, according to the electron donor 

used; from left to right: formate, hydrogen 

and compounds transferred from 

Syntrophobacter fumaroxidans. The colour 

scale corresponds to an expression matrix 

after Z-score normalization; blue (log ratio 

-2.5) and yellow (log ratio 2.5) indicate 

lower and higher levels respectively 

compared to the average level 0 in black. 

Colour intensity indicates the degree of 

protein up- or down regulation; the grey 

colour represents not detected. 
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Fig. S5.3. Heat map of hierarchical 

clustered proteins produced by 

Methanobacterium formicicum. 

Proteins are shown for three growth 

conditions, in triplicates, according to 

the electron donor used; from left to 

right: formate, hydrogen and compounds 

transferred from Syntrophobacter 

fumaroxidans. The colour scale 

corresponds to an expression matrix 

after Z-score normalization; blue (log 

ratio -2.5) and yellow (log ratio 2.5) 

indicate lower and higher levels 

respectively compared to the average 

level 0 in black. Colour intensity 

indicates the degree of protein up- or 

down regulation; the grey colour 

represents not detected. 

 

 

Fig. S5.5. Overview of the 

methanogenic pathways in 

Methanobacterium formicicum and in 

Methanospirillum hungatei. 
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“Genome sequencing has changed taxonomy” 
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Abstract 

In this study we evaluated start-up, performance and robustness to high loading 

tests of an anaerobic membrane bioreactor (AnMBR). A 10-liter, completely stirred 

anaerobic bioreactor in combination with an ultrafiltration cross flow module was 

operated at 37 °C for 242 days. The reactor was fed with pot ale from a whiskey 

distillery in Scotland. High loading tests (HLT) via short time increases of volumetric 

loading rate (VLR) were applied to assess the robustness of the biomass and monitor 

biological and biochemical responses to such disturbances. The reactor was rather 

robust in performance and recovered from 2 and 3-fold increases in VLR for up to 6 

hours. Hydrogen concentrations were constantly measured and showed an increase 

in response to the HLT in parallel to the increase of total-VFA in the permeate. 

Population dynamics in the reactor was monitored by Illumina MiSeq sequencing. 

The presence of microorganisms of all metabolic groups illustrates the importance of 

a balanced and diverse biomass to have a robust and stable methanogenic reactor. 

The relative abundance of families of proteolytic bacteria was high, while 

hydrogenotrophic methanogens, such as Methanobacteriaceae, dominated the 

methanogenic community in the reactor. The putative methanogenic lineage of 

unassigned WCHA1-57 became dominant at the end of the experiment, but it was 

unassigned Woesearchaeota that dominated the archaeal community for most part of 

the experiment. An interaction between proteolysis, amino acid degradation and 

syntrophic methanogenesis was proposed among members of Porphyromonadaceae, 

unassigned Cloacimonetes and methanogenic archaea. 

 

Keywords: Anaerobic digestion, microbial community, volumetric loading rate 

disturbance, hydrogen concentration. 

 

  



143 

Introduction 

Anaerobic membrane bioreactors (AnMBR) have emerged in the last decades as one 

of the innovative options to treat wastewaters from food processing, paper, 

pharmaceutical, landfill and textile industries (Aquino et al., 2006; Yang et al., 2006; 

Le-Clech, 2010). The reported advantages of AnMBR over conventional wastewater 

treatment systems are: high biomass retention, excellent effluent quality, low sludge 

production, a small footprint and high net energy production (Liao et al., 2006; Wan 

et al., 2011). Although biofouling (He et al., 2005; Dereli et al., 2014) and disruption 

of flocs (Stroot et al., 2001; Padmasiri et al., 2007) are some of the main challenges 

in the application of AnMBR, other factors also affect the treatment performance and 

stability of the reactor. These include operational conditions such as temperature, 

hydraulic retention time (HRT) and organic loading rate (OLR) (Skouteris et al., 

2012; Lin et al., 2013; Ozgun et al., 2013). 

The sludge composition, or more specifically the structure and functionality of the 

microbial communities in the bioreactor are essential for good performance of 

anaerobic digestion (AD) (Carballa et al., 2015; Lucas et al., 2015). Methanogenic 

communities of bacteria and archaea play an indispensable role in the complete 

conversion of organic material to methane and carbon dioxide (Stams et al., 2012). 

An imbalance among acidogenesis, fermentation and methanogenesis will generally 

lead to accumulation of volatile fatty acids (VFA) and in some cases to a complete 

collapse of the system. Ammonia inhibition, acidification, and foaming, especially at 

high organic loading rates are causing these instabilities (Guo et al., 2014; Li et al., 

2015). Several studies have addressed the link between OLR disturbances and the 

microbial communities (Belostotskiy et al., 2015; Li et al., 2016). Exploration of the 

microbial community composition in anaerobic digesters is important as it increases 

our understanding of the different processes occurring in the reactor. 

Pot ale is the main liquid by-product of whiskey distilleries (Melamane et al., 2007; 

Graham et al., 2012). Large volumes of pot ale are generated during production of 

whiskey; for every litre of alcohol, 8 – 15 litres of pot ale are produced (Mohana et al., 

2009). Distillery spent wash is considered a high-strength wastewater with a very 

high chemical and biochemical oxygen demand (COD and BOD) and with low pH 

(Acharya et al., 2008). These characteristics and the large quantities of pot ale 

generated annually, have attracted interest in using this by-product for biogas 

production in anaerobic digesters (Tokuda et al., 1998; Goodwin et al., 2001; Barrena 

et al., 2017). 

The particular composition of pot ale rich in protein, phosphorous and organic acids 

requires a robust system that can endure the variations in the composition of the 

feed, as well as the high levels of VFA and ammonia, without limiting the biogas 

production in the system. Ammonia, above certain concentration thresholds, can 



144 

have an inhibitory effect on methanogens (Vidal et al., 2000; Ariunbaatar et al., 

2015). Ammonia levels between 50 and 200 mg·l-1 stimulate methanogens 

(McCarthy, 1964), but free ammonia concentrations higher than 300 mg·l-1 have 

shown severe anaerobic treatment inhibition in mesophilic conditions, presumably 

by inhibiting the methanogens (Omil, 1995). Ammonia toxicity levels are highly 

dependent on pH and temperature since the cause of toxicity is the un-ionized form 

of ammonia (free ammonia) which is the dominant form at high pH and temperatures 

(Vidal et al., 2000; Rajagopal et al., 2013; Yenigun and Demirel, 2013). Several 

studies indicate that hydrogenotrophic methanogens (from the orders 

Methanomicrobiales, Methanococcales, Methanocellales, Methanobacteriales and 

Methanopyrales) are more tolerant to the ammonia toxicity than acetoclastic 

methanogens (from the orders Methanosarcinaceae and Methanosaetaceae), 

regardless the temperature of the experimental conditions (Koster and Lettinga, 

1984; Angelidaki and Ahring, 1993; Calli et al., 2005; Zhang et al., 2014; Wang et al., 

2016). 

The inhibitory effect of VFA on hydrolysis and methanogenesis is difficult to evaluate 

due to interactions between VFA concentrations and pH (Azman et al., 2015). High 

VFA concentrations can lead to a drop in pH values, and eventual toxic conditions in 

bioreactors. However, in highly buffered systems, the pH changes can be small, 

therefore, independently from pH, VFA are usually tracked for process monitoring 

(Murto et al., 2004; Siegert and Banks, 2005). Researchers are not in agreement over 

which VFA is the best indicator for impending reactor failure: acetic acid, propionic 

acid, i-butyric, i-valeric or the ratio of propionic to acetic acid (Marchaim and Krause, 

1993; Boe et al., 2008; Franke-Whittle et al., 2014). 

Besides ammonia and VFA, other compounds which are known to cause toxic or have 

inhibitory effects in biogas reactors and affect methanogenesis are hydrogen sulfide, 

as well as hydrogen and heavy metals (Guwy et al., 1997; Franke-Whittle et al., 2014; 

Paulo et al., 2015). Many hydrogen-producing reactions are thermodynamically 

unfavourable unless the partial pressure of hydrogen is kept low (Thauer et al., 1977; 

Schink, 1997; Kleerebezem and Stams, 2000). Therefore, hydrogen consuming 

methanogens play an indispensable role in maintaining hydrogen levels low in 

syntrophic communities with bacteria (Stams et al., 2012). Thus, an increase in 

hydrogen might be useful to predict disturbances between fermentative processes 

and methanogenesis (Conrad, 1999; Junicke et al., 2015). The use of hydrogen 

concentrations as a performance monitor for anaerobic digestion has been addressed 

before with inconsistent conclusions (Mosey and Fernandes, 1989; Kidby and 

Nedwell, 1991; Cord-Ruwisch et al., 1997). 

This study analysed microbial diversity, process parameters and performance during 

the start-up and stable operation of a mesophilic AnMBR treating pot ale, as well as 

the robustness of the bioreactor and the stability of biomass composition to 
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overloading events. Moreover, we investigated if hydrogen concentrations can be 

used as an early warning indicator of process instability. 

Materials and methods 

Operation of the membrane bioreactor 

A pilot-scale anaerobic membrane bioreactor with a working liquid volume of 10 

litres was continuously fed and operated for 242 days. The continuous flow stirred-

tank reactor (CSTR) was inoculated with crushed and sieved granular anaerobic 

sludge (~10 g VSS l-1) taken from a full-scale Biobed® EGSB reactor treating 

fermentation industry wastewater. 1 litre of sludge was added to the reactor and 

mixed with 5 g·l-1 NaHCO3 up to the final working volume. The reactor was fed with 

pot ale and maintained at a constant temperature of 37 °C. The pH was kept at 7.3 

± 0.2 by dosing 2 M NaOH when necessary (Supporting information, Fig. S6.1). 

The feed, obtained from a whiskey distillery in Scotland, was kept at a controlled 

temperature of 4°C and magnetic stirring before entering the CSTR. The composition 

of the feed is listed in Supporting information, Table S6.1. Undiluted pot ale was 

fed for the first 120 days; after that, the feeding continued with tap water diluted pot 

ale (1:1 vol/vol) until the end of the experiment.  

An ultrafiltration cross flow module composed of a tubular polyvinylidene fluoride 

membrane (80 cm length, 5.2 mm inner diameter and 30 nm pore size) separated the 

biomass from the effluent. Volatile fatty acids (VFA) in the permeate were quantified 

daily using a Varian 3900 gas chromatograph (Agilent, Santa Clara, CA) equipped 

with a silica column (25 m and 0.53 mm internal diameter) and a flame ionization 

detector. Samples of feed and sludge were centrifuged (5 min, 10,000 x g) and passed 

through 0.45 µm cellulose filters prior to their quantification. 

The biogas production of the CSTR was measured with a wet tipping biogas meter 

and its composition was monitored continuously via the online Agilent 490 micro gas 

chromatograph (Agilent, Santa Clara, CA) equipped with two channels (Molsieve 5A 

column for H2; PPQ 10m column for CH4 and CO2; thermal conductivity detector; 

Argon and Helium were used as carrier gases). 

Volumetric loading rates (VLR) varied during the experiment. By gradually 

increasing the feed flow during the start-up stage of the reactor an optimum VLR 

was established at 5 ± 0.8 g·COD·l-1·day-1 after day 140. The hydraulic retention time 

(HRT) was kept at 10 days. Table 6.1 summarizes the operational conditions of the 

reactor, the different stages of functioning and the stages when the high load tests 

took place. 
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High load tests (HLT) were applied to the reactor by increasing the VLR for short 

defined periods of time. The first overload test was done at day 149 in which the VLR 

was increased from 4 to 10 g·COD·l-1·day-1 for 4 hours. An increase up to 11 g·COD·l-

1·day-1 of the VLR was applied for the second HLT for 6 hours on day 156. The third 

high load test (day 184) increased the VLR levels from 6 to 9.5 and then up to 12.5 

g·COD·l-1·day-1 over a period of 6 hours. During the HLT experiments, H2 

concentrations of the biogas were measured online with the gas chromatographer 

every 12 minutes. Permeate samples for VFA analysis were collected every 30 

minutes.  

Multiple physicochemical and biological parameters were regularly analysed in the 

feed, sludge and permeate to monitor the operational status of the AnMBR (TCOD, 

T(S)S, V(S)S, TKN, SKN, Total-P, ortho-P, VFA, anions, cations, etc.). Moreover, 

sludge samples were taken along the different stages of operation to perform 

chemical and microbiological analysis. For the 1st HLT, the sludge was extracted 

from the reactor one day before the experiments (day 148). This was done to allow 

the pressure on the AnMBR to stabilize and have an H2 baseline measurement with 

the GC as constant as possible before the increase in the VLR. Subsequent sludge 

samples were taken a day after the 1st HLT (day 150) and after the 3rd HLT (day 184). 

Specific acetoclastic methanogenic activity (SAMA) assays were carried on using 

Oxitop® equipment (WTW, Weilheim, Germany). 300 ml bottles were filled with 49.4 

ml of sludge from the reactor and mixed with 0.6 ml sodium acetate (250 g·COD·l-1). 

The initial F/M-ratio was 0.17 g·COD·g·VSS-1. Anaerobic conditions were provided 

by flushing bottles with N2/CO2 mixture (70:30, vol/vol). The bottles were placed in 

shakers at 37 °C. Biogas and methane production was calculated by measuring the 

pressure increase in the bottles every 20 minutes by Oxitop® heads. The analyses 

were performed in duplicates and two consecutive feeds with sodium acetate were 

applied in each replicate.  

Total Kjeldahl Nitrogen (TKN) was determined with Simplified TKN Kit™ (Hach 

Company, Loveland, CO). COD was measured with Hach Lange Kits™ (Hach 

Company, Loveland, CO). 
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Table 6.1. Operational conditions for 242 days of an anaerobic membrane 

bioreactor operated at 37 °C and HRT of 10 days. 

Stage 
Operation 

time(days) 

Feed 

details 

VLR 

(g·COD·l-1·d-1) 
Notes 

0 1 

Undiluted 

Pot Ale 

1.2 Inoculation 

I 

Start-up 
2 – 120 1.2 – 8.5 

Unstable performance 

characterised by 

permeate 

T-VFA peaks >10 meq·l-1 

II 

Detox 
121 – 140 

Tap water 

Diluted Pot 

Ale (1:1) & 

NaHCO3 

3 - 5.4 

Accumulated VFA after 

ammonia inhibition were 

flushed away 

III 

Stable operation 
141 – 148 

Tap water 

Diluted Pot 

Ale (1:1 vol. 

/vol.) 

3.8 – 5 
VFA in the permeate: 

<5 meq·l-1 

IV 

1st HLT 
149 - 155 

10 

High Load Tests (HLT) 

and recovery of the 

bioreactor 

4.1 

V 

2nd HLT 
156 - 183 

11 

4.1 – 6.1 

VI 

3rd HLT 
184 - 218 

12.5 

4.8 - 5.2 

VII 

Stable operation 
219- 242 5.5– 8.4 Stable performance 

 

Microbial community analyses by next generation 16S rRNA amplicon 

sequencing 

Sludge samples (~50 ml) were collected during 16 sampling points (Figure 6.1). 

Samples were kept at -80 °C prior to genomic DNA extraction. Samples were washed 

with PBS solution with 0.5 mM EDTA twice to remove humic acids and other 

contaminants that could have an inhibitory effect on DNA extraction and PCR 

reactions. Genomic DNA was extracted from the sixteen samples with technical 

duplicates using the FastDNA® Spin Kit for Soil (MP Biomedicals, Santa Ana, CA) 

according to the manufacturer’s protocol with additional two 45-second beat beating 

steps with a FastPrep Instrument (MP Biomedicals). Concentrations and quality of 

the obtained DNA were determined with a Nanodrop® (ND-1000) spectrophotometer 

(Nanodrop Technologies, Wilmington, DE). Extracted DNA from selected samples 

was used for bacterial and archaeal community analyses. The amplification of 

bacterial and archaeal 16S rRNA gene fragments was done using a 2-step PCR 

protocol. The first PCR amplification of bacterial 16S rRNA gene fragments was done 

using a set of primers composed by the 27F-DegS (5′-

GTT[TC]GAT[TC][AC]TGGCTCAG-3′) (Van den Bogert et al., 2011; van den Bogert 

et al., 2013) and an equimolar mix of two reverse primers; 338R-I and 338-R-II (5′-
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GC[AT]GCC[AT]CCCGTAGG[TA]GT-3′) (Daims et al., 1999). For the archaeal 16S 

rRNA gene amplification primers 518F (5′-CAGC[AC]GCCGCGGTAA-3′) (Wang and 

Qian, 2009) and 905R (5′-CCCGCCAATTCCTTTAAGTTTC-3′) (Kvist et al., 2007) 

were used. PCR amplifications were carried out using 500 nM of each forward and 

reverse primer (Biolegio BV, Nijmegen, The Netherlands), 1 unit of Phusion Hot 

Start DNA polymerase (Thermo Scientific, USA), 10 μl of 5x HF-buffer, 200 μM 

dNTP mix and 1 μl DNA template. PCR grade water was used to fill up the reaction 

mixture to 50 μl. The PCR amplification proceeded as follows: a pre-denaturing step 

of 99 °C for 30 s, 25 cycles of denaturing at 98 °C (10 s), annealing at 56 °C for 

bacterial and 60 °C for archaeal (20 s), extension at 72°C (20 s) and a final extension 

at 72°C (10 min). After positive amplifications, technical duplicates were pooled and 

prepared for the second PCR amplification. This second step was performed to extend 

8 nt barcodes to the amplicons, as described previously (Hamady et al., 2008). 

Barcoded amplification was performed using 5 μl of the first PCR product, 500 nM of 

each forward and reverse primer (Biolegio BV, Nijmegen, The Netherlands), 2 units 

of Phusion Hot Start DNA polymerase (Thermo Scientific, Waltham, MA), 20 μl of 

5x HF-buffer, 200 μM dNTP mix, and filling up the reaction mixture to 100 μl with 

nuclease free water. The second PCR program was as follows: the 98 °C pre-

denaturing step for 30 s, five cycles of 98 °C (10 s), 52° C (20 s), 72 °C (20 s) and 72 

°C (10 min). Barcoded PCR products were cleaned using the HighPrepTM PCR clean-

up system (MagBio Genomics Inc., Gaithersburg, MD). DNA was quantified using 

Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, MA). After the second PCR, 

barcoded samples were pooled in equimolar quantities to create a library. Archaeal 

and bacterial libraries were purified a second time and sent to GATC Biotech 

(Konstanz, Germany) for sequencing on the Illumina MiSeq platform. 

Sequencing data analysis 

16S rRNA gene sequencing data was analysed using NG-Tax, an in-house pipeline 

(Ramiro-Garcia et al., 2016). Paired-end libraries were filtered to contain only read 

pairs with perfectly matching barcodes, and those barcodes were used to demultiplex 

reads by sample. Resulting reads were separated by sample using the affiliated 

barcodes. Taxonomy affiliation was done with the SILVA 16S rRNA reference 

database by using an open reference approach as described by (Quast et al., 2013). 

The minimum threshold that an operational taxonomic unit (OTU) needs to be 

present compared to the whole database, the percentage identity threshold for the 

blastn and the percentage for the error correction were settled in default values, 0.1, 

100 and 98.5, respectively. Quantitative Insights into Microbial Ecology (QIIME) 

v1.2 (Caporaso et al., 2010) was used to define microbial compositions based on the 

described pipeline. 

Filtering, subsetting and diversity analyses of the microbial communities were 

performed using the phyloseq R package for reproducible interactive analysis and 
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graphics of microbiome census data (McMurdie and Holmes, 2013). All non-bacterial 

and unassigned OTUs were removed from the bacterial samples, as well as all non-

archaeal and unassigned OTUs were removed from the archaeal samples prior to any 

downstream analysis. Samples with <2,500 reads were also removed. The read 

counts of the merged technical replicates were normalized using the CSS method 

from metagenomeSeq package v1.11 (Paulson et al., 2013) in R v.3.3.2 (Team, 2016). 

Results and discussion 

Start-up period of the reactor 

During the start-up period of the reactor, diverse operational problems such as 

membrane blockage and fouling, gas leakage and pump failures occurred throughout 

the first 60 days of operation. In addition, change in composition of the pot ale, 

supplied by the whiskey distillery, caused problems during the start-up period. A 

gradual increase in the Total Kjeldahl Nitrogen (TKN) levels in the pot ale from 1.5 

g·l-1 at the beginning of the operation of the reactor up to 4.9 g·l-1, around day 110 to 

120, resulted in VFA accumulation to levels above 20 meq·l-1 (Supporting 

information, Fig. S2).  

The operational variations in the distillery industry results in a highly variable 

composition of pot ale. High levels of protein, lactic acid and yeast cells that sink in 

the bottom of the whiskey fermenters are commonly reported in pot ale studies 

(Goodwin and Stuart, 1994; Graham et al., 2012; Barrena et al., 2017). Protein 

breakdown occurs during anaerobic digestion which leads to the build-up of 

ammonia. Therefore, as the levels of TKN in the feed and in the reactor increased, 

ammonia inhibition of methanogens might have occurred in the AnMBR. 

When hydrogen stops being consumed by methanogens it accumulates and 

syntrophic interactions are disrupted, but also some non-syntrophic fermentative 

reactions cannot occur anymore, such as lactate and ethanol conversion to acetate 

(Giovannini et al., 2016). The increase in H2 levels (above 100 ppm) and VFA 

accumulation (mainly composed of acetate) observed between day 116 and 136 are 

an indication of a disruption between hydrogen-producing and hydrogenotrophic 

microbial communities, most probably caused by the high levels of ammonia in the 

reactor. Figure 6.1 shows the reactor performance along the 242 days of operation. 

Repeated VFA accumulation peaks can be noticed at the beginning of the start-up 

period and principally when the reactor was affected by ammonia toxicity.  
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Figure 6.1. Performance of the AnMBR operated at 37 °C for 242 days. 

Volumetric loading rate (VLR), total volatile fatty acids (VFA), acetate, propionate, 

methane and H2 are plotted. The dark area indicates undiluted and white area diluted 

pot ale dosing. Triangles marks (▼) at the top of the plot show the sampling points for 

the microbiological analyses. Reactor stages are divided by dotted lines and signalled 

with roman numbers. 

It has been reported that total ammonia (TAN) and free ammonia (FAN) 

concentrations above 3 g·NH4
+-N·l-1 and 0.15 g·NH3-N·l-1, respectively, have an 

obvious inhibitory effect on methanogenesis and lower the potential methane yield 

in anaerobic digesters (Wang et al., 2015; Tian et al., 2017). A study has shown that 

syntrophic acetate oxidation coupled with hydrogenotrophic methanogenesis is the 

dominant pathway in digesters with high ammonia levels (2.8–4.57 g·NH4
+-N·l-1), 

while acetoclastic methanogenesis dominate at low ammonia (<1.21 g·NH4
+-N·l-1) 

(Fotidis et al., 2013). 

To reverse the ammonia inhibitory effect on methanogens, the pot ale was diluted 

with tap water to maintain the TKN levels lower than 2.5 g·l-1. Additionally, the 

bioreactor was fed with a NaHCO3 solution on day 137 to flush away the accumulated 

VFA. These actions were effective, and a stable performance of the reactor was finally 

achieved with VFA levels <5 meq·l-1 in the permeate and ~50 ppm of H2 in the biogas 

at day 140. Once the AnMBR was stable a maximum capacity of the reactor was 

settled at ~5 g·COD·l-1·day-1. 

  

0

5

10

15

20

25

30

35

40

45

50

0

50

100

150

200

250

300

350

400

450

500

0 50 100 150 200 250

V
LR

 (
g·

C
O

D
·l-1

·d
ay

-1
)

V
FA

 (
m

eq
·l-1

)

C
H

4
 (g

·C
O

D
·l-1

·d
ay

-1
)

H
2

(p
p

m
)

Days

Methane H2 VLR Total VFA Acetate Propionate

0 I II III IV      V VI              VII



151 

High load tests period  

Once the pot ale fed to the reactor was diluted and the reactor stabilized, overloading 

experiments were carried out to assess the robustness and evaluate the response of 

the reactor to drastic increases of VLR. In Figure 6.2 we can observe in detail the 

H2 and VFA responses to the high load tests. The first high load test (HLT) was done 

at day 149 when the system was performing stable at an aimed VLR of 4 g·COD·l-

1·day-1. For four hours the VLR was increased to 10 g·COD·l-1·day-1. Total-VFA and 

H2 levels increased in response to this overloading event. Four hours after, when the 

load was set back to 4 g·COD·l-1·day-1, the H2 concentration decreased to normal 

levels of ~55 ppm rapidly after it reached a maximum of 70.5 ppm. Total-VFA 

concentrations of the permeate increased from 1.6 to 5.7 meq·l-1 and took longer to 

decrease to normal levels of < 1.5 meq·l-1. Acetate was the main component in the 

increase of Total-VFA. 

  
 

  

 
Figure 6.2. High load tests (HLT) 

applied to the mesophilic AnMBR. 

VLR were increased 2- or 3-fold for 4 or 6h 

in order to overload the bioreactor. The 

response was assessed by analysing the 

VFA and H2 increase and the time taken 

to recover normal levels of functioning. A, 

B and C are first (day 149), second (day 

156) and third (day 184) HLT, 

respectively. 

The effect of the first high load test in the performance of the bioreactor was mild. 

No significant differences were found in the specific acetoclastic methanogenic 

activities before and after the HLT (Table 6.2). A second HLT was done by increasing 

the VLR further, up to 11 g·COD·l-1·day-1 on day 156 for a longer period (6 hours). 

This time, the H2 levels only reached a maximum of 60.9 ppm and rapidly recovered 

when the VLR was decreased. Total-VFA reached 7 meq·l-1, although the initial 

values were 2.1 meq·l-1. The main accumulated fatty acid was acetate up to 5.9 meq·l-

1, whereas propionate increased only to 1.4 meq·l-1. 
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As the reactor proved to be robust to the short term HLT, the potential of the reactor 

to operate in a higher VLR for a longer period was explored after day 160. Starting 

with 4 g·COD·l-1·day-1 the VLR was gradually increased to 6 g·COD·l-1·day-1 in a 

period of 10 days (days 160-170). 

On day 184, a third HLT was carried for 6 hours with an escalated VLR increase 

(Figure 6.2.C). After an hour of the HLT, H2 concentration reached 81.7 ppm. 

However, it decreased to levels of ~68 ppm as in the previous HLTs. Total-VFA 

accumulation, mainly composed of acetate, reached higher levels (11.2 meq·l-1) as the 

load test was higher this time. 

Although the reactor was normally recovering to the last HLT and the H2 and VFA 

levels were dropping back to normal, another setback occurred when pot ale had to 

be replaced with vinasse due to issues with the delivery of pot ale from the distillery 

in Scotland. Vinasse was used to feed the reactor for 4 days (days 186-190). Vinasse 

had also been used in day 77 due to lack of pot ale, but only for a day. The change of 

feed resulted in VFA accumulation up to 18.5 meq·l-1 and a peak on H2 concentration 

up to 470 ppm. The reactor stopped, and it was restarted with pot ale as feed and a 

VLR of 5 g·COD·l-1·day-1. During the last month of the experiment, VLR was 

gradually increased to 8 g·COD·l-1·day-1, while the VFA remained at low acceptable 

levels (2.5 - 3 meq·l-1). The reactor proved to have the capacity to recover despite 

these different disturbances. 

Performance of the reactor 

The specific acetoclastic methanogenic activity was tested on sludge samples from 

the bioreactor one day before and one or two days after the HLTs (Table 6.2). No 

significant differences were found between the measurements before and after HLTs, 

and obtained values fell within normal range for anaerobic sludge (0.1-1 g·COD·g-

1·VSS·d-1) (Fang et al., 1994; Regueiro et al., 2012). The performance of the AnMBR 

resulted in a COD removal of 97.1% (±2.4%), with a biogas production rate of 27±3 

l·d-1, composed of 60% CH4 (±3.1%). 

 

Table 6.2. Specific acetoclastic methanogenic activity (SAMA) tests before 

and after high loading tests (HLT) 

HLT 
SAMA Test Before HLT* SAMA Test After HLT* 

1st feed 2nd feed 1st feed 2nd feed 

1st HLT (day 

149) 
0.26 (±0.04) 0.24 (±0.01) 0.28 (±0.01) 0.22 (±0.01) 

2nd HLT (day 

156) 
0.27 (±0.01) 0.23 (±0.01) 0.31 (±0.05) 0.26 (±0.01) 

3rd HLT (day 

184) 
0.14 (±0.0) 0.12 (±0.01) 0.11 (±0.01) 0.12 (±0.0) 

*Values in g·COD/g-1·VSS·d-1 
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Acetate and propionate were the main fatty acids accumulated when the reactor 

faced disturbances in its performance. Some studies report that acetic and butyric 

acid concentrations of 2,400 and 1,800 mg·l-1, respectively, had no significant impact 

on the activity of methanogens while a propionic acid concentration of 900 mg·l-1 

resulted in inhibition of methanogens and decreased bacterial numbers(Wang et al., 

2009). Others proposed that acetic acid levels higher than 800 mg·l-1 or a propionic 

to acetic acid ratio larger than 1.4 predict digester failure (Buyukkamaci and Filibeli, 

2004; Romsaiyud et al., 2009). 

During the start-up stage of our reactor, three peaks of total-VFA exceeding 800 mg·l-

1 could be seen when the reactor was fed with undiluted pot ale (day 16, 50-57 and 

78) (Figure 6.1). For the first of these peaks propionate was the main component 

with a propionic to acetic acid ratio of 37. For the other two peaks propionate still 

contributed to >35% of the total-VFA, however more acetate (1,150 mg·l-1 on day 51 

and 680 mg·l-1 on day 78) than propionate (543 mg·l-1 on day 51 and 444 mg·l-1 on 

day 78) was accumulated. Similarly, acetate was the main VFA accumulated during 

the period with ammonia inhibition (days 115-139), and after the bioreactor was fed 

with diluted pot ale, while the propionate share remained ~10% of the total-VFA. In 

digesters treating high-strength waste with high ammonia content, ammonia 

inhibition will be the primary process controlling factor, but different systems will 

have their own levels of VFAs that can be considered 'normal' for the reactor 

(Angelidaki et al., 1993). Thus, it is not possible to indicate the state of an anaerobic 

process based only on VFA levels. 

During the provoked disturbances in our AnMBR via the HLT, but also in the period 

with high ammonia concentrations and during the changes of feed to vinasse, the H2 

concentrations varied significantly, in some cases after VFA accumulation events 

(day 81), in some other in parallel with the disturbance of the AnMBR (days 115-139) 

and in some others prior the collapse of the reactor (day 188) (Figure 6.1). In our 

study, the ease of on-line H2 concentration measurements and its rapid response to 

perturbations in the performance of the AnMBR supports the use of this parameter 

as an early warning indicator of process instability. 

Microbial community analysis 

The sequencing of the 16S rRNA bacterial and archaeal genes resulted in an average 

of 300,108 reads for bacteria and 47,019 reads for the archaea. However, wrongly 

assigned OTUs were present at domain level. After filtering out the wrongly assigned 

OTUs, the number of reads per sample ranged from 60,914 to 561,911 for bacteria 

and 4,767 to 114,533 for archaea. These reads were assigned to eighteen bacterial 

phyla, thirty classes, twenty-seven orders and forty-four families. For the archaeal 

reads, four phyla, five classes, five orders and nine families were correctly assigned 

(Supplementary Table 6.3).  
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Bacterial community dynamics 

The relative abundances of the assigned OTUs at family level are presented in 

Figure 6.3. Families with at least 1% relative abundance in a sample are presented 

in the plot. In the inoculum Porphyromonadaceae (28%), Syntrophaceae (26%), 

Anaerolineaceae (15%) and Bacteroidaceae (12%) were the dominant families.  

Members of the Porphyromonadaceae produce VFA from the degradation of complex 

carbohydrates, proteins and peptides (Ziganshin et al., 2011). For instance, 

Proteiniphilum acetatigenes (Chen and Dong, 2005), Petrimonas sulfuriphila 

(Grabowski et al., 2005), Paludibacter propionicigenes (Ueki et al., 2006), 

Proteiniphilum saccharofermentans, Petrimonas mucosa and Fermentimonas 

caenicola (Hahnke et al., 2015; Hahnke et al., 2016) are all acetate or/and propionate 

producing bacteria, many isolated from mesophilic laboratory-scale biogas reactors. 

Therefore, this bacterial family is predicted to be involved in hydrolysis and 

acidogenesis during AD of the pot ale. Porphyromonadaceae remained abundant for 

great part of the start-up stage, reaching up to 50% of relative abundance at day 66. 

The thriving of this family fits with its description as proteolytic bacteria and 

members of this family might have taken advantage of the high availability of 

peptide constituents of the pot ale for acidogenesis. After the feed was changed to 

diluted pot ale (day 121) the relative abundance of this family gradually decreased 

to only 2%. A decrease in the supply of proteinaceous compounds might have limited 

growth of this family; however, although diluted, pot ale is still high in protein, so 

other compounds might have had an influence. At the end of the experiment the 

relative abundance of Porphyromonadaceae increased again to 24%, possibly 

promoted by the feeding of the reactor with vinasse at days 186-190. 

The relative abundance of Syntrophaceae quickly dropped from 26% in the inoculum 

to levels less than 2% during the start-up stage and it was not detected when the 

reactor reached a stable performance at day 140. For Anaerolineaceae, the relative 

abundance gradually decreased during the start-up period to remain within 2-3% 

during the HLTs stage while Bacteroidaceae disappeared from the sludge after the 

first days of operation of the AnMBR. 

For unassigned Bacteroidia and unassigned Bacteroidetes the relative abundance 

increased up to 23% and 11%, respectively, during the stable performance of the 

bioreactor (days 134-150). According to (De Vrieze et al., 2015) Bacteroidetes might 

be dominant in digesters operating at mesophilic conditions and under low VFA 

levels. After the start-up stage of the bioreactor and once the VFA concentrations 

were stabilized to remain lower than 200 mg·l-1, the relative abundance of the 

Bacteroidetes became significant (day 127). At the end of the experiment the relative 

abundance reached 46%. 
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The relative abundance of Comamonadaceae in the bioreactor during the start-up 

stage, and the period with high ammonia levels, reached 28% on day 150. Members 

of the Comamonadaceae family are aerobic bacteria known for their denitrifying 

activity in aerobic treatment systems (Khan et al., 2002; Sadaie et al., 2007). 

Nevertheless, several species, such as Comamonas koreensis, have been 

characterized as facultatively anaerobic (Chang et al., 2002; Peng et al., 2013). A 

study in an alternating aerobic/anaerobic reactor indicates a role of this family in 

biological phosphorus and phosphate removal (Ge et al., 2015). The average nitrate 

measured in the pot ale fed to the reactor was only 15 mg·l-1, while higher phosphorus 

concentrations were reported in the feed (Ptotal 603±74 mg·l-1, Supporting 

information, Table S6.1). Lower concentrations of total phosphorus than in the 

feed were measured in the permeate, mainly in form of orthophosphate (Supporting 

information, Figure S6.2). Therefore, the function of Comamonadaceae in our 

AnMBR could be of a polyphosphate accumulating organism (PAO), but as more 

members of this family are being isolated and characterized, other biological roles 

should be keep in mind for consideration (Subhash et al., 2016; Xie et al., 2016). 

The information available of the Lentimicrobiaceae family is limited to a recently 

isolated anaerobic bacterium Lentimicrobium saccharophilum (Sun et al., 2016). 

This bacterium was isolated from methanogenic granular sludge in a full-scale 

mesophilic UASB reactor treating high-strength starch-based organic wastewater. 

L. saccharophilum grows on a narrow range of carbohydrates and the major 

fermentative end products from glucose were acetate, malate, propionate, formate 

and hydrogen. Our results show an increase of the relative abundance of 

Lentimicrobiaceae during the start-up stage of the experiment and until the 

ammonia reached toxic levels. When diluted pot ale was fed into the reactor 

Lentimicrobiaceae disappeared from bacterial community. 

The unassigned Cloacimonetes was enriched during the start-up stage and remained 

important throughout the different stages of the AnMBR. During the stable 

performance of the bioreactor it accounted for a 20% of relative abundance, and this 

percentage increased to 39% at day 184 after the HLTs. Previously known as WWE1 

(Rinke et al., 2013), uncultured members of Cloacimonetes have been linked to 

interactions with syntrophic methanogenic consortia (Lykidis et al., 2011; Wu et al., 

2013). The authors proposed a role for uncultivated Cloacimonetes taxa in additional 

syntrophic interactions beyond the standard H2-producing syntroph–methanogen 

partnership that may serve to improve community stability. Another study proposed 

that Candidatus Cloacamonas acidaminovorans, an amino acid fermenter, is a 

syntrophic bacterium present in many anaerobic digesters (Pelletier et al., 2008). 

Moreover, (Nobu et al., 2015) found out that Atribacteria and Cloacimonetes may 

perform syntrophic propionate metabolism in a methanogenic bioreactor and 

speculate that chaining syntrophic interactions (secondary syntrophy) and substrate 

exchange may facilitate proteinaceous detritus metabolism. 
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Figure 6.3. Bacterial (a) and archaeal (b) community dynamics in the AnMBR. 

Phylogenetic annotation at family level with abundance >1% in at least one sample. 

Unassigned was used to indicate groups that could not be classified at family level. 

“Other” integrates the remaining families with less than 1% of relative abundance. 

In this context, but bringing back the discussion to Porphyromonadaceae family, a 

proteolytic strain isolated from granular sludge of a UASB reactor treating brewery 

wastewater, Proteiniphilum acetatigenes, accelerated the propionate-degradation 

rate of a methanogenic propionate-degrading syntrophic coculture (Chen and Dong, 

2005). Therefore, it is interesting to speculate about the role of Porphyromonadaceae 

and unassigned Cloacimonetes in our AnMBR, since an interaction between 
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proteolysis, amino acid degradation and syntrophic methanogenesis is highly 

probable in the AD of pot ale. 

Syntrophic acetate oxidation (SAO) is the predominant pathway for methane 

production in anaerobic digestion processes high in ammonia and volatile fatty acids 

(Schnürer et al., 1999). Therefore, the lack of Clostridia was unexpected since many 

SAO members belong to this class. For instance, Thermacetogenium phaeum, 

Tepidanaerobacter acetatoxydans, Clostridium ultunense and Syntrophaceticus 

schinkii. Nevertheless, recent studies have shown that syntrophic acetate oxidizers 

are phylogenetically diverse and not restricted to Clostridia only (Müller et al., 2016; 

Westerholm et al., 2016). For instance, Spirochaetes have been associated with 

syntrophic acetate oxidation (Lee et al., 2015). 

Archaeal community dynamics 

The inoculum sludge showed a dominance of hydrogenotrophic methanogens with a 

relative abundance of 50% of Methanobacteriaceae and 15% of Methanoregulaceae. 

The acetoclastic methanogens were represented by Methanosaetaceae (28%). 

Methanobacteriaceae persisted as the most important methanogenic family, 

occasionally the relative abundance dropped to less than 10% during the start-up 

stage, but levels between 21 and 33% were common during the stable operation of 

the AnMBR. Methanoregulaceae on the other hand quickly disappeared during the 

start-up stage and it was not detected during the stable operation of the reactor. 

The relative abundance of Methanosaetaceae significantly decreased after the start-

up stage. Acetoclastic methanogens are more susceptible to ammonia inhibition than 

hydrogenotrophic methanogens, therefore the high levels of ammonia during the 

start-up stage might have contributed to reduce the abundance of Methanosaetaceae. 

During stable operation (days 134-150) the relative abundance of Methanosaetaceae 

did not surpass the 1%, while only 6 – 8% was reached after day 184. 

The unassigned Woesearchaeota became relevant soon after the beginning of 

operation of the reactor on day 17, and dominated the archaeal community since day 

30 with relative abundance levels generally >70%. Woesearchaeota has been mostly 

reported in saline habitats and sediments, but it has also been detected in sludge 

(Ortiz-Alvarez and Casamayor, 2016). Recent single-cell genome re-construction 

analyses in members of Woesearchaeota showed small genomes sizes and the lack of 

core biosynthetic pathways, suggesting that these archaea may have a symbiotic or 

parasitic lifestyle (Castelle et al., 2015). Although the information available from 

Woesearchaeota is limited, genomic analysis of members of this group (Castelle et al., 

2015) allow us to suggest that the role of unassigned Woesearchaeota in our 

bioreactor is of a fermentative and hydrogen-producing archaeon. 
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The relative abundance of unassigned WCHA1-57 increases during the start-up 

stage from 4% in the inoculum to 17% on day 117. After a significant decrease of the 

relative abundance to only 1% on day 150, the relative abundance of unassigned 

WCHA1-57 increases to dominates the archaeal community at the last stage of 

operation of the reactor. The uncultured archaeal group WCHA1-57 (also called 

WSA2 or ARC I) may represent a new order of hydrogenotrophic methanogens that 

contributes to methane production in anaerobic digesters (Saito et al., 2015).  

Similar to our results, WCHA1-57 and Methanobacterium were the dominant 

methanogens in a pilot-scale AnMBR operated at extremely short HRT (Mei et al., 

2017). Moreover, WCHA1-57 has been reported as the predominant archaeal 

component (>70%) in anaerobic digesters treating municipal sewage sludge (Chouari 

et al., 2005).  

Interestingly, the relative abundances of unassigned WCHA1-57 and unassigned 

Woesearchaeota, are contrasting along the operational stages of the AnMBR. When 

the relative abundance of Woesearchaeota are >70%, the relative abundance of 

unassigned WCHA1-57 does not exceed the 10%; and only when the relative 

abundance of unassigned Woesearchaeota drops to <11%, unassigned WCHA1-57 

take over as the dominant OTU in the archaeal community (>60%). We can only 

speculate if these groups of archaea endure competition for some common substrates. 

Nevertheless, we have suggested some lines above a hydrogen-producing role of 

unassigned Woesearchaeota and a hydrogenotrophic role of unassigned WCHA1-57, 

therefore other factors influencing the antagonism between these groups should be 

considered. 

The effect of HLT to microbial community change 

There is an important shift of the archaeal and bacterial community between days 

66 and 113, as well as between days 150 and 184. The performance of the reactor 

indicates that on day 78 the total-VFA values accumulated up to 19 meq·l-1 (Figure 

6.1). During the start-up period several operational problems occurred, in this case 

on day 77 the reactor was fed with vinasse as the pot ale from the distillery was not 

available. The increase in VFA and the shift in the microbial community seem to be 

related to this event. 

Between days 150 and 184, another important shift in the bacterial and archaeal 

communities took place. This coincides with the period in which the high load 

experiments were performed (days 149 and 156). After the third HLT, the relative 

abundance of Methanomicrobiaceae increased to important levels (12%). Also, the 

relative abundance of Methanosaeta increased from 1% before the HLTs to 6 – 8% 

during the last stage of operation. Among bacteria, unassigned Bacteroidia and 
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unassigned Cloacimonetes co-dominated the bacterial community in the reactor after 

the HLTs. 

Conclusions 

The reactor showed excellent performance with regard to COD removal and effluent 

quality. Moreover, it proved to be a robust system able to cope with the short high 

loading levels in the VLR during the HLTs and in a longer term in the last month of 

operation. The microbial population was able to withstand changes in hydrogen 

concentrations and total-VFA accumulation, with some groups of microorganisms 

taking over other groups while maintaining an overall good performance of the 

reactor. 

Hydrogenotrophic methanogens dominated the methanogenic community in the 

reactor. Considering that pot ale is a protein rich feed, it seems plausible that 

acetoclastic microorganisms were inhibited by the high levels of ammonia. Not only 

the relative abundance of acetoclastic methanogens was low, but also the lack of 

Clostridia, which includes many SAO members, was unexpected. Therefore, other 

acetoclastic microorganisms, yet unknown, may have had a role in acetate 

degradation which is important in high ammonia anaerobic digestion processes.  

The detection of members of all metabolic groups in the anaerobic degradation chain 

(hydrolytic, fermentative, syntrophic, acetogenic and methanogenic) illustrates the 

importance of a balanced and diverse biomass to have a robust and stable 

methanogenic reactor. Furthermore, the high relative abundance of uncultured 

groups of bacteria and archaea shows the potential for exploring the functions of 

novel uncultured microorganisms. 

The monitoring of hydrogen concentrations in the biogas might be insufficient as a 

stand-alone control variable for anaerobic digestion, but its rapid response and ease 

of on-line measurement supports its use in digester control along with other liquid 

phase parameters to be measured on-line, for instance VFA or dissolved H2. 
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Supporting Information 

 

 

 

 

Fig. S6.1. Lab-scale reactor set-up schematic representation. Modified from 

(Dereli et al., 2015) 
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Fig. S6.2. TKN, VFA, H2 and P concentrations in the pot ale (feed), permeate 

and biogas. The grey area indicates the period when undiluted pot ale was used. The 

black arrow marks the point when the reactor was fed with NaHCO3 to wash away the 

high VFA levels. 
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Table S6.1. General composition of the pot ale. 
Parameters Values (mg·l-1) Parameters Values (mg·l-1) 

Total COD 62,241 ± 7,572 Ammonium (NH4) 80 ± 9 

Soluble COD 52,336 ± 4,926 Sulfate 163 ±53 

Total Solids (TS) 54,540 ± 12,090 Chlorides 383 ± 15 

Volatile Solids (VS) 50,659 ± 11,718 Calcium 76 ± 77 

Total Suspended Solids (TSS) 24,638 ± 11,022 Magnesium 165 ± 62 

Volatile Suspended Solids (VSS) 23,238 ± 10,327 Potassium 1036 ± 57 

Total phosphorous (Ptotal) 603 ± 74 Sodium 33 ± 14 

Phosphate (PO4) 352 ± 44 Copper 1.5 ± 0.8 

Total Kjeldahl Nitrogen (TKN) 2,170 ± 581 pH 4 ± 0.4 

Soluble Kjeldahl Nitrogen (SKN) 1,158 ± 93   

 

Table S6.2. Number of reads per sample obtained by NGS analysis. 
Reactor 

Stage 
Sample1 

Bacterial Archaeal 

Total Filtered2 Merged3 Total Filtered2 Merged3 

0 
A1 242444 236424 

666511 
4803 4767 

18575 
A2 442591 430087 13858 13808 

I 

B1 249235 238637 
800548 

14076 9801 
44836 

B2 616068 561911 41312 35035 

C1 337600 314388 
607939 

171263 114533 
190710 

C2 321540 293551 112787 76177 

D1 498373 493030 
652482 

9600 9300 
33321 

D2 161738 159452 25828 24021 

E1 204733 198876 
481556 

17211 16543 
27420 

E2 289208 282680 11576 10877 

F1 200737 192240 
426786 

25103 21514 
104299 

F2 240690 234546 94523 82785 

G1 425210 412879 
547029 

35266 30002 
76621 

G2 137928 134150 50872 46619 

H1 221170 210949 
593192 

30994 28982 
99382 

H2 397467 382243 73216 70400 

I1 355596 340924 
613384 

50728 48494 
92826 

I2 284037 272460 46220 44332 

II 

J1 189576 180899 
280942 

30211 28697 
70925 

J2 104329 100043 44209 42228 

K1 154978 149089 
451624 

12627 11391 
66098 

K2 314081 302535 60200 54707 

III 
L1 91558 90680 

507354 
70502 66119 

141484 
L2 425552 416674 80774 75365 

IV 
M1 427718 417505 

703964 
88254 84630 

111166 
M2 290848 286459 28163 26536 

V 
N1 347177 333540 

795027 
11951 9948 

26796 
N2 488748 461487 18107 16848 

VI 
O1 61409 60914 

263916 
20949 17919 

40967 
O2 205644 203002 31738 23048 

VII 
P1 416891 413673 

869154 
60005 46886 

143985 
P2 458567 455481 117672 97099 

Average 300107 289419 578838 47019 40294 80588 
1 Biological samples with technical replicates were sequenced. 
2 Reads after filtering out wrongly assigned OTUs at domain level. 
3 Sum of the technical replicates reads 
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Table S6.3. Taxonomic assignations of the reads obtained by NGS analysis. 

BACTERIA 

PHYLUM CLASS ORDER FAMILY GENUS 
Actinobacteria Actinobacteria Acholeplasmatales Acholeplasmataceae Acinetobacter      

Aminicenantes Anaerolineae Anaerolineales Alcaligenaceae Alcaligenes        

Bacteroidetes Bacilli Bacillales Anaerolineaceae Geobacter 

Caldiserica Bacteroidetes Bacteroidales Anaerolineaceae Lactobacillus 

Chlorobi Bacteroidia Bacteroidia Bacteroidaceae Leuconostoc 

Chloroflexi Betaproteobacteria Burkholderiales Campylobacteraceae Longilinea         

Cloacimonetes BSA1B-03 Caldisericales CAP-aah99b04 Macellibacteroides 

Elusimicrobia Caldisericia Campylobacterales Christensenellaceae Mesotoga 

Firmicutes Candidatus Chlorobiales Clostridiales Prevotella         

Ignavibacteriae Chlorobia Clostridiales Comamonadaceae Proteiniphilum     

Microgenomates Cloacimonetes Desulfuromonadales Erysipelotrichaceae Pseudomonas 

Nitrospirae Clostridia Erysipelotrichales Eubacteriaceae Romboutsia 

Proteobacteria Deltaproteobacteria Ignavibacteriales Geobacteraceae Syntrophobacter    

Spirochaetae Elusimicrobia Kosmotogales Helicobacteraceae Uncultured 

Synergistetes Epsilonproteobacteria Lactobacillales Ignavibacteriaceae   

Tenericutes Erysipelotrichia Methylophilales Kosmotogaceae   

Thermotogae Gammaproteobacteria NB1-n Lachnospiraceae   

Verrucomicrobia Ignavibacteria Nitrospirales Lactobacillaceae   

  LD1-PB3 Petrotogales Lentimicrobiaceae   

  LNR Propionibacteriales Leuconostocaceae   

  Mollicutes Pseudomonadales M2PB4-65   

  Nitrospira Sphingobacteriales Marinilabiaceae   

  OPB35 Spirochaetales Methylophilaceae   

  Sphingobacteriia Synergistales Moraxellaceae   

  Spirochaetes Syntrophobacterales Nitrospiraceae   

  Synergistia Thermoanaerobacterale OPB56   

  Thermotogae Uncultured Peptostreptococcaceae   

  W27  Petrotogaceae   

  W5 
 

PHOS-HE36   

  Uncultured 
 

Planococcaceae   

   
 

Porphyromonadaceae   

  
  

Prevotellaceae   

  
  

Prolixibacteraceae   

  
  

Propionibacteriaceae   

  
  

Pseudomonadaceae   

  
  

Rikenellaceae   

  
  

Ruminococcaceae   

  
  

Spirochaetaceae   

  
  

ST-12K33   

  
  

Synergistaceae   

  
  

Syntrophaceae   

  
  

Syntrophobacteraceae   

  
  

WCHB1-02   

      Uncultured   

     

ARCHAEA 

PHYLUM CLASS ORDER FAMILY GENUS 

Bathyarchaeota Methanobacteria Methanobacteriales ARC26 Methanobacterium 

Euryarchaeota Methanomicrobia Methanomicrobiales GOM Methanoculleus 

Woesearchaeota Thermoplasmata Methanosarcinales Methanobacteriaceae Methanolinea 

WSA2 WCHA1-57 Thermoplasmatales Methanomicrobiaceae Methanomethylovorans 

  Uncultured Uncultured Methanoregulaceae Methanosaeta 

    Methanosaetaceae Methanosarcina 

    Methanosarcinaceae Methanospirillum 

    Methanospirillaceae Uncultured 

      Thermoplasmatales   
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“There is only certainty with respect to the past, and with 

respect to the future, the certainty of death” 

Erich Fromm 
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Phenotypically distinct microorganisms may form obligate syntrophic interactions 

because they are metabolically dependent on each other in certain conditions 

(Schink, 1997; McInerney et al., 2008; Stams and Plugge, 2009; Morris et al., 2013). 

The low energy yield associated with fatty acid degradative pathways can only be 

conserved by some microorganisms via specialized biochemical mechanisms. Despite 

the ecological importance of the syntrophic interactions, our understanding of the 

molecular basis of syntrophic lifestyle remains limited. A better understanding of 

how microorganisms cope with energetic constraints is important to provide new 

insights into methane production, waste treatment, and to engineer biotechnological 

processes or to design synthetic enzymes for the catalysis of energetically 

unfavourable reactions. 

The research presented in this thesis focussed on the molecular mechanisms used by 

Syntrophobacter fumaroxidans, a propionate-oxidizing bacterium, and its 

methanogenic partners Methanospirillum hungatei and Methanobacterium 

formicicum. An emphasis was put on the interspecies electron transfer (IET) and the 

importance of formate as an interspecies electron carrier in syntrophic propionate 

degradation. In addition, alternative energy conservation mechanisms and their role 

in sulfate reduction and methanogenesis are discussed. Genome and proteome 

analyses revealed a detailed description of propionate degradation by 

Syntrophobacter fumaroxidans (Chapter 4) as well as of the methanogenic 

metabolism of two hydrogenotrophic methanogens, Methanospirillum hungatei and 

Methanobacterium formicicum, grown in syntrophic association and in pure cultures 

(Chapter 5). 

In Chapter 2 the occurrence of genetic markers for syntrophic growth on butyrate 

and propionate were explored in the genomes of short chain fatty acid degraders 

known to engage in syntrophy with methanogens. The domain-based functional 

profiling analyses shows that the presence of periplasmic formate dehydrogenases 

and their maturation proteins FdhE in the genome of syntrophs is a difference with 

the non-syntrophic butyrate and propionate degraders. 

A previous genome comparison study of syntrophic bacteria reports that confurcating 

hydrogenases and membrane-associated reverse electron transport (RET) complexes 

are present in syntrophs and that they play a critical role in syntrophy (Sieber et al., 

2012). The analyses presented in Chapter 2 confirms the importance of membrane 

associated RET complexes, like the Rnf or Ech complexes. However, the presence of 

confurcating hydrogenases in non-syntrophic bacteria, like Desulfotomaculum 

kuznetsovii and Desulfobulbus propionicus, indicates that these complexes are not 

exclusive for syntrophs and can also be important in energy conservation in non-

syntrophic bacteria. The analysis of Sieber and co-workers was restricted to genomes 

of syntrophs whereas the analysis in Chapter 2 of this thesis also included genomes 

of non-syntrophic sulfate-reducing bacteria (SRB). However, not many of those SRB 
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have been tested for syntrophic butyrate or propionate degradation. Only 

Desulfotomaculum kuznetsovii and Desulfobulbus propionicus are validated non-

syntrophic bacteria. To strengthen the importance of the analysis, more butyrate- 

and propionate-degrading SRB should be tested for syntrophic capability.  

Moreover, the combination of more than one molecular mechanism as a 

characteristic of syntrophs was not completely explored in Chapter 2. For instance, 

it has been proposed that the proton-translocating pyrophosphatase (HppA) in SRB 

has a role in energy conservation by proton translocation and hydrolysis of 

pyrophosphate (Cypionka, 1995; Baltscheffsky et al., 1999). A reverse use of this 

transmembrane protein to conserve energy could be feasible (Serrano et al., 2007). 

The HppA, in contrast with Rnf, was ubiquitously present in all the analysed 

syntrophic microorganisms in Chapter 2, even in the non-sulfate reducers such as 

Syntrophomonas wolfei. It can be argued, as in the case of the confurcating 

hydrogenases, that although HppA is not present in D. propionicus, it is present in 

the genome of the non-syntroph D. kuznetsovii, therefore HppA is not a genetic 

marker for syntrophic growth. However, if we hypothesise that syntrophs need both: 

complexes for RET, such as HppA or Rnf, and complexes that facilitate IET, we 

observed that neither of the validated non-syntrophic bacteria fulfils both conditions. 

Although the genome of D. kuznetsovii revealed the presence of HppA, it lacks 

periplasmic formate dehydrogenases and periplasmic hydrogenases (Visser et al., 

2013). Whereas, D. propionicus despite having genes coding for periplasmic 

hydrogenases, lacks proton translocating mechanisms like Rnf or HppA. Therefore, 

butyrate- and propionate-degrading bacteria must need both RET and IET 

mechanisms to be able to grow in syntrophy. 

Although the genes suspected to be exclusive in syntrophic microorganisms 

correspond to those coding for energy metabolism, other protein domains putatively 

involved in the formation of spatial structures such as capsule or biofilm (IPR019079) 

and cell-shape determination (IPR018365) were also highlighted to be important for 

syntrophic growth. Numerous studies have found genes involved in the formation of 

spatial structures such as biofilm, granule formation and flagella and pili synthesis, 

to be important for syntrophic interactions (Kato and Watanabe, 2010; Summers et 

al., 2010; Krumholz et al., 2015). However, many biofilm formation and flagellar 

proteins are also produced during axenic growth (Nadell et al., 2009; Clark et al., 

2012). Although cellular aggregation and the structure of a mixed community might 

facilitate the exchange of metabolites between cells (Ishii et al., 2005; Shimoyama et 

al., 2009; Brileya et al., 2014), these are not essential attributes in the formation and 

maintenance of syntrophy, as the interspecies electron transfer. 

It is presented in Chapter 2 that phylogeny does not predict syntrophy, nonetheless 

other potential genomic markers for syntrophy have been investigated. Recently, a 

genetic polymorphism has been described where only a specific genotype of 
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Desulfovibrio vulgaris is able to engage in syntrophy with Methanococcus 

maripaludis (Grosskopf et al., 2016). Interestingly, the reported genetic alterations 

in the syntrophic genotype are not related to interspecies electron transfer but 

involved in RET during lactate oxidation. One mutation affects the enzymes that 

catalyse lactate uptake and the conversion of pyruvate, while the second mutation is 

affecting the H+/Na+ ion-translocating subunit of a membrane-bound dehydrogenase. 

The authors proposed that the identified polymorphism in the latter gene increases 

the number of ions which can translocate over the membrane per number of hydrogen 

produced. Thereby, the cell can use the membrane gradient as a form of cellular 

energy to invest in lactate oxidation (Grosskopf et al., 2016). This hypothesis 

reinforces the importance of proton translocating mechanisms in syntrophic bacteria. 

Furthermore, it glances at the differential capacities of proton translocating 

mechanisms present in syntrophic bacteria, to transport protons more efficiently 

than in non-syntrophic bacteria. A similar energy conservation concept has been 

proposed before by hypothesising that the smallest quantum of energy that can be 

transported via electron transfer phosphorylation by the ATP synthase is lower in 

syntrophs than in non-syntrophic bacteria (Worm, 2010).  

The maximum number of protons that have to be translocated across the membrane 

for ATP synthesis, or hydrolysis in RET, is determined by the number of c-subunits 

in the membrane integrated F0 region of the ATP synthase (Nakanishi-Matsui and 

Futai, 2006). With one full rotation of the ATP synthase complex, each of the three 

catalytic β subunits in the F1 region synthesizes/hydrolyses one ATP molecule, and 

each of the c-subunits in F0 transports one proton. (Nakanishi-Matsui et al., 2010; 

Soga et al., 2017). Among the bacteria analysed in Chapter 2, syntrophs contain 

smaller ATP synthase c-subunits than sulfate reducers. Thus, in principle, the 

membrane integrated rotor in syntrophs may contain more c-subunits. A higher 

number of protons translocated per ATP hydrolysed would result in an increase of 

the smallest quantum of biologically conservable energy. Therefore, a c-subunit to 

ATP synthase ratio would give insight in the minimum amount of energy that can 

be conserved by syntrophs. Yet, this ratio is not known for the analysed bacteria in 

chapter 2. The size of the c-subunits discussed above are only predictions based on 

the amino acid sequences available in their genome. Biochemical and further 

proteomic analysis of ATP synthases are necessary to reinforce this hypothesis. 

Unfortunately, in the proteomic analysis in chapter 4 the c-subunit was not detected 

in any of the growth conditions.   

Chapter 3 focused on the metabolic flexibility of S. fumaroxidans to grow in 

syntrophy with M. hungatei or D. desulfuricans in a sulfate-rich medium. In general, 

sulfate reduction is favoured over methanogenesis when sufficient sulfate is present 

(Lovley and Klug, 1983; Muyzer and Stams, 2008). Our results showed sulfate 
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reduction by S. fumaroxidans, but propionate oxidation coupled to hydrogen and 

formate production also occurred at enough levels to sustain D. desulfuricans growth. 

In this thesis, the capacity of sulfate reducers to grow in syntrophy has been 

discussed (Chapter 2 & 3). Several comparative transcriptomic analyses have been 

performed to find out the key genetic elements for syntrophy by considering the 

metabolic flexibility of SRB (Walker et al., 2009; Plugge et al., 2010; Plugge et al., 

2011). However, in those studies sulfate was added to syntrophic cocultures to assess 

the change in gene expression. Chapter 3 also included a perturbation in sulfate-

reducing cultures towards syntrophic conditions by adding a hydrogen/formate 

scavenging microorganism. Syntrophic cocultures have been obtained before by 

adding an hydrogen scavenger (Boone and Bryant, 1980), however in our 

experimental approach the addition of the syntrophic partner did not involve a 

limitation of sulfate and the levels of sulfide were high. The study in Chapter 3 

might have given different results if sulfate would have been limited. In the study of 

(Grosskopf et al., 2016), cultures of clones of D. vulgaris prone to engage in syntrophy 

produced more hydrogen during lactate oxidation compared to those clones with a 

non-syntrophic genotype. Nevertheless, this hydrogen accumulation was observed 

only when sulfate was not provided or when it was limited at 50% (30 mM lactate 

and 7.5mM SO4
2-). 

The sulfate-reducing capacities of members of Syntrophobacteracea have been shown 

in sulfate-perturbed methanogenic environments (Liu and Conrad, 2017). Yet, the 

growth rate of S. fumaroxidans with propionate and sulfate is much slower than 

when grown in syntrophy with methanogens (van Kuijk and Stams, 1995; Scholten 

and Conrad, 2000). The slow growth rates as sulfate reducers, or even the lack of 

ability to respire sulfate, of some members of Syntrophobacterales, such as Smithella 

spp. and Syntrophus spp., has led to the speculation that these bacteria might be 

losing the ability for sulfate respiration after dealing with low concentrations of 

sulfate in methanogenic environments (Plugge et al., 2011). Moreover, evolutionary 

experiments support these theories. It has been shown that the mutations that cause 

the specialization for syntrophy, result in detriment of sulfate-reducing capacities in 

cocultures of D. vulgaris and M. maripaludis (Hillesland and Stahl, 2010; Hillesland 

et al., 2014). In Chapter 3 we assessed how prone S. fumaroxidans is to grow in 

syntrophy despite the availability of enough sulfate to grow on its own, thus 

indirectly estimating the hypothetical loss of sulfate-reducing capacities of our model 

bacterium. It is remarkable that even in a sulfate-rich medium S. fumaroxidans 

maintained a syntrophic relationship with a hydrogen/formate scavenger. In 

Chapter 4 it was observed that most of the enzymes required for sulfate reduction 

were present in all growth conditions. Therefore, the prevalence of propionate 

oxidation coupled to proton and CO2 reduction in sulfate-rich medium also points to 
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the fact that the molecular mechanisms for energy conservation available in S. 

fumaroxidans genome, are ubiquitously produced. 

Nevertheless, the ubiquitous production by S. fumaroxidans of proteins involved in 

sulfate reduction and in hydrogen and formate production, might be an advantageous 

trait. Recently, an evolutionary experiment in cocultures of D. vulgaris and M. 

maripaludis was done with fluctuating availability of sulfate (Turkarslan et al., 

2017). Results showed that when sulfate availability fluctuated too frequently in an 

environment with excess lactate and the abundance of methanogens, the gene 

regulation in D. vulgaris to shift repeatedly between sulfate-reducing and syntrophic 

physiologies drove the cultures to collapse. It was concluded that transcription 

regulation can be detrimental in a rapidly fluctuating environment. 

Biochemical, genomic and transcriptomic analysis of Syntrophobacter fumaroxidans 

has been performed (de Bok et al., 2002b; Müller et al., 2010; Worm et al., 2011b; 

Plugge et al., 2012). Chapter 4 widened our knowledge of the molecular mechanisms 

for energy conservation used by S. fumaroxidans during propionate degradation 

under different growth conditions. The importance of formate as interspecies electron 

carrier in S. fumaroxidans has been demonstrated before in cocultures with M. 

hungatei (de Bok et al., 2002a). Our results furthermore identified a set of three 

formate dehydrogenases (Fdh3, Fdh4 and Fdh5) that transfer electrons to the 

syntrophic partner. Two formate dehydrogenases (Fdh1 and Fdh2) have been 

purified from S. fumaroxidans (de Bok et al., 2003). Both enzymes were produced in 

fumarate-grown cells as well as in cells grown syntrophically on propionate with M. 

hungatei. Our proteomic results showed that Fdh1 and Fdh2 are the main formate 

dehydrogenases ubiquitously produced in propionate-degrading cultures, which is in 

agreement with the study of de Bok for the syntrophically grown cells with M. 

hungatei and suggest a similar production of these two enzymes during fumarate 

fermentation.  

Purification of S. fumaroxidans Fdh1 and Fdh2 showed that both enzymes are 

tungsten (W) containing (de Bok et al., 2003). A following study revealed that growth 

in the presence of W led to an increase in total FDH activity relative to growth with 

molybdenum (Mo), either in coculture with M. hungatei or in axenic growth with 

propionate and fumarate (Plugge et al., 2009). The presence of both trace elements 

(W and Mo) on the other hand decreased total FDH activity in propionate and 

fumarate-grown cultures, which suggested an antagonistic effect of Mo in W-

containing FDH. Remarkably, such effect was not observed for cells grown in 

coculture, which indicated the involvement of other FDHs than those known at the 

time of the study which were only the W-containing Fdh1 and Fdh2. Our proteomic 

results revealed that Fdh3, Fdh4 and Fdh5 are the formate dehydrogenase involved 

in IET. Moreover, these FDHs most probably contain Mo and can incorporate W, as 

the increase in total FDH activity with cocultured cells grown in the presence of W 
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suggests. However, this assumption must be verified by purifying and characterizing 

the enzymes. 

Enzyme activity studies dependent on the presence, absence or combination of W and 

Mo in the medium have been performed before in the model microorganisms studied 

in this thesis. In S. fumaroxidans the antagonistic effect of Mo in the W-FDHs has 

been discussed (Plugge et al., 2009). While for M. hungatei an antagonistic effect of 

Mo in the total FDH activity was observed in cells of this methanogen, which 

suggests that at least one of its FDHs (most probably W-containing) cannot 

incorporate Mo. The enzyme assays in M. hungatei cells grown with H2/CO2 or in 

coculture with S. fumaroxidans showed a higher total FDH activity when W and Mo 

were available in the growth medium than when only W was provided (Plugge et al., 

2009). However, for formate grown cells the total FDH activity decreased with Mo 

presence in contrast to only-W supplemented medium. The proteomic analysis in 

chapter 5 showed that Fdh3 in M. hungatei is the only FDH that was more abundant 

in cells grown with formate than in cells grown with H2/CO2 or in coculture with S. 

fumaroxidans. Thus, we speculated that Fdh3 of M. hungatei might not be able to 

incorporate Mo, in contrast to the other W-FDHs.  

In M. formicicum no antagonistic effect of W was reported, but this methanogen was 

not able to synthetize an active FDH during growth with W and lack of Mo (May et 

al., 1988). Chapter 5 revealed that the only FDH detected at the studied conditions 

of M. formicicum was Fdh1. Therefore, it is possible that this FDH is a Mo-containing 

enzyme. A better understanding of the implications of the metal content of FDHs, 

and other pterin enzymes such as formylmethanofuran dehydrogenases, in the 

interactions within methanogenic microbial communities might contribute to the 

optimization of metal dosage in anaerobic methanogenic bioreactors. 

Regulatory mechanisms to express isoenzymes with different functions, under 

different conditions, with different cell locations, or incorporating different metals in 

the active site often allow the use of different pathways for energy conservation and 

adaptation to environmental constrains, such as substrate or metal availability (da 

Silva et al., 2013). For instance, enzymatic studies in D. vulgaris Hildenborough 

showed that a W-FDH is the main FDH in hydrogenotrophic conditions while the 

Mo-FDH was the most important FDH during growth with formate (da Silva et al., 

2011). A following study with deletion mutants for the two main FDH detected in D. 

vulgaris provided the first direct evidence for the involvement of formate cycling 

during growth with lactate coupled to sulfate reduction (da Silva et al., 2013). In S. 

fumaroxidans the periplasmic Fdh2 might fulfil such role during growth with sulfate 

as showed in Chapter 4, besides the hydrogen cycling with Hyn. 
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In Chapter 6, the performance and robustness to high loading tests of an anaerobic 

membrane bioreactor (AnMBR) were evaluated. The population analysis showed the 

presence of members of all metabolic groups of the anaerobic degradation chain 

which was essential for the robustness and stability of the reactor. The diversity of 

the microbial population permitted to some groups of microorganisms to take over 

other groups when changes in hydrogen concentrations and total-VFA accumulation 

were observed in the bioreactor. The abundance of uncharacterized microorganisms 

from known phyla and candidate phyla without cultivated representatives, shows 

the importance and urge for the isolation of novel uncultured microorganisms that 

permit us to investigate their functions in complex microbial communities. 

Moreover, the results presented in Chapter 6 showed that the hydrogen 

concentrations can be used in digester control along with other liquid phase 

parameters to be measured on-line, for instance VFA or dissolved H2. 

The importance of hydrogenases and formate dehydrogenases in the interactions of 

microorganisms present in methane producing environments has been discussed. 

But it is noteworthy to mention that there is an increasing interest in investigating 

the reversible biochemical processes of hydrogen and formate production, as well as 

the interconversion of these compounds for purposes of energy storage (Pereira, 

2013). The developing of biocatalysts to produce reduced carbon compounds from CO2 

has been proposed and investigated in the last decade (Reda et al., 2008; Mourato et 

al., 2017). CO2 removal from the atmosphere as a mean of relieving global warming 

while producing fuels or chemical feedstocks is an attractive possibility (El‐Zahab et 

al., 2008; Yadav et al., 2012; Sakai et al., 2017) Moreover, the potential use of 

microorganisms as biocatalysts for H2 production from formate is currently in the 

spotlight for a future H2-based economy (Hambourger et al., 2008; Martins et al., 

2015; Martins et al., 2016).  

Thus, after decades of research, the enzymes that catalyse two of the simplest redox 

reactions in nature remain to be intensively studied and are strong candidates to 

facilitate new types of fuel cells and other technological developments in a post-oil 

society. 
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Future research 

• Biochemical and structural analysis of Fdh3, Fdh4 and Fdh5 of S. 

fumaroxidans is important as it could provide insight into the importance of 

molybdenum-dependent formate dehydrogenases during syntrophic growth. 

 

• Sulfate-reducing bacteria such as Desulfobacterium autotrophicum, 

Desulfomonile tiedjei and Desulfosporosinus meridiei were never tested for 

syntrophic growth, but all crucial domains discussed in chapter 2 were found 

in the corresponding genomes, which suggests their possible ability to grow 

in syntrophic associations. Therefore, these bacteria should be tested for 

syntrophic growth. We attempted to establish a methanogenic syntrophic 

coculture by inoculating active M. hungatei in a lactate-grown culture of D. 

autotrophicum, but this was not successful. It is probable that the 

methanogen did not endure the high levels of sulfide in the medium. We 

suggest testing the above mentioned SRB for syntrophic growth with other 

sulfide resistant bacteria such as Desulfovibrio desulfuricans. 

 

• The effect of short term overloading events in the microbial population of the 

AnMBR will be better evaluated by an RNA-based next generation 

sequencing which will allow to reveal the effect on the activity of specific 

microbial communities. 

 

• Experimental evolution studies with slow-growing microorganisms such as 

S. fumaroxidans might be challenging, but the long term transferring of this 

bacterium growing under different conditions might be useful to evaluate in-

lab evolution (Hillesland and Stahl, 2010). A genetic comparison of de novo 

genome sequences of S. fumaroxidans cultures after several generations 

under different propionate-degrading conditions might lead to the detection 

of specific mutations that will help to understand the sulfate-reducing, 

syntrophic and fumarate respiratory genotype of this model bacterium. 

 

• A phenomenon where only some subunits of multimeric enzymes seem to be 

produced in a modular way was frequently observed in the proteomic 

analyses discussed in this thesis. The molecular analysis of genes and 

proteins in this thesis showed that another level of molecular interactions 

shall be considered for discussion. Protein subunits and protein domains 

should be investigated as the building blocks that ultimately define the 

protein roles in the metabolism (Grein et al., 2013). 
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• Hdr/Mvh-p is the most abundant putatively confurcating system during 

sulfate-reducing growth of S. fumaroxidans. This putative Hdr of S. 

fumaroxidans should be purified, its activity assessed and its role in sulfate 

reduction studied. 

 

• Recently a classification system and web tool for the structural and 

functional analysis of hydrogenases has been developed (Søndergaard et al., 

2016). The tool predictions for metal content, function and location of those 

hydrogenases present in S. fumaroxidans, M. hungatei and M. formicicum 

were correctly assigned in agreement with the roles suggested in this thesis. 

We suggest that the development of a similar web tool for an easy and faster 

analysis of formate dehydrogenases will be helpful to investigate the 

metabolism of syntrophic and sulfate-reducing bacteria. 

 

• The metabolites exchanged during syntrophy are not exclusively restricted 

to electron transfer. The proteomic profiles of M. hungatei and M. formicicum 

showed that during syntrophic growth only a restricted set of proteins is 

produced compared to axenic growth on H2/CO2 or formate. Some 

biosynthetic pathways, such as biosynthesis of aromatic amino acids might 

not have been expressed during syntrophic growth in these methanogens. In 

this context, secondary syntrophy, where complementarity of amino acid 

metabolism takes place (Nobu et al., 2015), should be considered and further 

investigated in methanogenic communities. 
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Summary 

Syntrophic methanogenic associations between acetogenic bacteria and 

methanogenic archaea are essential for the complete mineralization of organic 

compounds to methane and CO2. Propionate and butyrate are important 

intermediates in anaerobic digestion. In the absence of inorganic electron acceptors 

these short chain fatty acids can only be degraded if the products acetate, hydrogen 

and formate, are kept low by methanogens. However, when sulfate is available the 

conditions change, and propionate and butyrate can be oxidized coupled to sulfate 

reduction. Several sulfate-reducing bacteria are able to grow in syntrophic 

associations with methanogens, but others not. 

In this thesis, a functional analysis of protein domains was performed on a selected 

group of bacteria with the ability to grow on short chain fatty acids alone, or in 

syntrophy with methanogens. Genome analysis revealed that the presence of 

periplasmic formate dehydrogenases, most probably involved in interspecies electron 

transfer, differentiated syntrophic from non-syntrophic butyrate and propionate 

degraders. 

Moreover, the metabolic flexibility of the propionate-degrading bacterium 

Syntrophobacter fumaroxidans was investigated. S. fumaroxidans can couple 

propionate oxidation to sulfate reduction or can degrade propionate in syntrophic 

lifestyle with H2 and formate scavenging microorganisms. Propionate-grown cultures 

of S. fumaroxidans with sulfate as electron acceptor, or in syntrophy with 

Methanospirillum hungatei or Desulfovibrio desulfuricans were studied. We found 

that S. fumaroxidans is prone to oxidize propionate in syntrophy despite the 

availability of sulfate to grow on its own. 

A comparative proteomic analysis of propionate degradation by S. fumaroxidans in 

five growth conditions, including axenic and cocultures, was performed. This analysis 

gave a thorough overview of the propionate metabolism of S. fumaroxidans. Details 

on the energy conservation mechanisms and electron transfer to syntrophic partners 

were obtained. The results indicate that confurcating hydrogenases and formate 

dehydrogenases are important energy converting enzymes in propionate degradation 

by S. fumaroxidans. Moreover, three formate dehydrogenases fulfil an important role 

in the syntrophic lifestyle. Furthermore, the proteomic profile of S. fumaroxidans 

grown with sulfate revealed in detail the sulfate respiratory pathway of this model 

bacterium. The abundance of a putatively confurcating protein complex detected only 

in sulfate-grown cells, is an important finding. This confurcating complex has 

similarities to heterodisulfide reductases, proteins known to bifurcate electrons in 

methanogenic archaea. The detection of membrane-associated proteins usually 

involved in sulfate reduction in all growth conditions leaves room for research on the 

role of these complexes in electron transfer during syntrophic lifestyle. 
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Understanding the interactions between propionate-oxidizing syntrophic consortia 

also involved the investigation of the syntrophic partners of S. fumaroxidans. We 

analysed the proteome of M. hungatei, Methanobacterium formicicum and D. 

desulfuricans grown in syntrophy and in pure culture with H2/CO2 or formate. 

Although both methanogens can grow on hydrogen and formate, the molecular 

mechanisms studied in this thesis, points to the use of hydrogen in M. formicicum, 

and of formate in M. hungatei, as electron carriers in their metabolism. 

Lastly, the microbial community involved in pot ale digestion in an anaerobic 

membrane bioreactor was analysed using 16S rRNA next-generation sequencing. 

The robustness of the reactor to high loading tests and the effect on the microbial 

composition was discussed. Moreover, on-line monitoring of hydrogen in the biogas 

showed a rapid response to disturbances in the proper performance of the reactor. 

Thus, our study supports the use of on-line H2 measurements as an early warning 

indicator of process instability. 

The detailed study and analysis of the molecular mechanisms for energy 

conservation and interspecies electron transfer discussed in this thesis increases our 

understanding of electron fluxes occurring in methanogenic syntrophic consortia. 

These types of analyses are necessary to unravel the black-box ecology of anaerobic 

biotechnology and the global carbon flux. 
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