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„Erklärung der Hochschullehrer  

des Deutschen Reiches. 
 

Wir Lehrer an Deutschlands Universitäten und Hoch-

schulen dienen der Wissenschaft und treiben ein Werk 

des Friedens. Aber es erfüllt uns mit Entrüstung, 

daß die Feinde Deutschlands, England an der Spitze, 

angeblich zu unsern Gunsten einen Gegensatz machen 

wollen zwischen dem Geiste der deutschen Wissenschaft 

und dem, was sie den preußischen Militarismus nennen. 

In dem deutschen Heere ist kein anderer Geist als in 

dem deutschen Volke, denn beide sind eins, und wir 

gehören auch dazu. Unser Heer pflegt auch die 

Wissenschaft und dankt ihr nicht zum wenigsten seine 

Leistungen. Der Dienst im Heere macht unsere Jugend 

tüchtig auch für alle Werke des Friedens, auch für 

die Wissenschaft. Denn er erzieht sie zu selbstent-

sagender Pflichttreue und verleiht ihr das Selbst-

bewußtsein und das Ehrgefühl des wahrhaft freien 

Mannes, der sich willig dem Ganzen unterordnet. 

Dieser Geist lebt nicht nur in Preußen, sondern ist 

derselbe in allen Landen des Deutschen Reiches. Er 

ist der gleiche in Krieg und Frieden. Jetzt steht 

unser Heer im Kampfe für Deutschlands Freiheit 

und damit für alle Güter des Friedens und der 

Gesittung nicht nur in Deutschland. Unser Glaube 

ist, daß für die ganze Kultur Europas das Heil an 

dem Siege hängt, den der deutsche „Militarismus“ 

erkämpfen wird, die Manneszucht, die Treue, der 

Opfermut des einträchtigen freien deutschen Volkes.“ 
 

Berlin, 23.10.1914 

 

“Autoritätsdusel ist der größte Feind der Wahrheit.” 

Albert Einstein, 1901 
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SUMMARY 

 

Syntrophic bacteria live at the thermodynamic limit of growth. The biochemistry of those 

secondary fermenters is not fully understood yet. In this thesis, two model systems of syntrophic 

organisms growing on two difficult to degrade substrates were investigated: Syntrophomonas 

wolfei in coculture with Methanospirillum hungatei converting butyrate to acetate and methane 

and Pelobacter carbinolicus or P. acetylenicus in coculture with M. hungatei fermenting ethanol 

to acetate and methane. 

All prominent membrane-bound and soluble proteins expressed in S. wolfei specifically during 

syntrophic growth with butyrate were examined by 1D- and 2D-PAGE. A membrane-bound, 

externally oriented formate dehydrogenase complex was expressed at high level. Soluble 

hydrogenases were expressed at high levels specifically during growth with the pure-culture 

substrate crotonate. The results were confirmed by native PAGE, by formate dehydrogenase 

and hydrogenase-activity staining, and by analysis of formate dehydrogenase and hydrogenase 

activities in intact cells and cell-free extracts. In S. wolfei, electrons derived from butyryl-CoA are 

hypothesized to be transferred through a membrane-bound EtfAB:quinone oxidoreductase to a 

menaquinone cycle and further via a b-type cytochrome to an externally oriented formate 

dehydrogenase. Hence, an ATP hydrolysis-driven proton-motive force across the cytoplasmatic 

membrane would provide the energy input for the electron potential shift necessary for formate 

formation.  

The membrane-associated and cytoplasmic enzymes of P. carbinolicus and partially also 

P. acetylenicus were investigated with 1D- and 2D-PAGE, enzyme tests and cultivation 

experiments as well. In the cytoplasmic fraction of ethanol-grown P. carbinolicus cells, 

acetaldehyde was oxidized mainly to acetyl-CoA. Hence, substrate-level phosphorylation 

appeared to be the dominant mode of energy conservation. Additionally, a ferredoxin-

dependent, non-acetylating acetaldehyde dehydrogenase activity could be detected. 

Comparative 2D-PAGE revealed enhanced expression of tungsten-dependent 

acetaldehyde:ferredoxin oxidoreductases and formate dehydrogenase. Proteomics allowed the 

detection of an Rnf subunit once and several putatively Na+-dependent ATP synthase subunits 

in membrane preparations. Protein purification allowed the enrichment and identification of 

P. carbinolicus ferredoxin Pcar_2544 which had 44% sequence identity to Clostridium 

pasteurianum ferredoxin. Comproportionating hydrogenases and formate dehydrogenase were 

expressed constitutively and are probably involved in interspecies electron transfer. The 

hydrogenase activity depended on flavin mononucleotide. In ethanol-grown cocultures, the 
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maximum hydrogen partial pressure was about 1,000 Pa (1 mM) while 2 mM formate was 

produced. The redox potentials of hydrogen and formate released during ethanol oxidation were 

calculated to be EH2 = -358 ± 12 mV and EHCOOH = -366 ± 19 mV, respectively. Both hydrogen 

and formate contributed to interspecies electron transfer. Both Pelobacter species could be 

cultivated axenically on acetaldehyde, yielding energy from its disproportionation to ethanol and 

acetate. The early assumption that acetaldehyde is a central intermediate in Pelobacter 

metabolism has now been proven biochemically. 

One of the first scientists publishing (in 1916) on microbial methanogenesis from butyrate and 

ethanol was V. L. Omeljanskij (1867-1928). Although he was an early pioneer of 

methanogenesis research, his lifework was never presented to an international audience. He 

founded a school of thought based on his teacher’s S. N. Vinogradskij’s discoveries and theories 

in Russia and the USSR. Omeljanskij published the first Russian textbook on microbiology, 

“Principles of microbiology” (“Основы микробиологии“) in 1909. He published internationally in 

German, French and English, thus representing a cross-border type of scientist. 

 

 

ZUSAMMENFASSUNG 

 

Syntroph lebende Bakterien können durch die Vergärung einfachster organischer Stoffe nur so 

wenig Energie gewinnen, dass Wachstum thermodynamisch gerade noch möglich ist. Die 

Biochemie der syntrophen Butansäure- und Ethanolgärung ist noch nicht vollständig 

entschlüsselt. In dieser Doktorarbeit wurden daher modellhaft zwei syntrophe Cokulturen näher 

untersucht: Syntrophomonas wolfei mit Methanospirillum hungatei (Oxidation von Butyrat zu 

Acetat und Methan), sowie Pelobacter carbinolicus bzw. P. acetylenicus mit M. hungatei 

(Oxidation von Ethanol zu Acetat und Methan). 

Die am höchsten exprimierten Proteine der Membran und des Cytoplasmas von Butyrat-

gewachsenem S. wolfei wurden mit 1D- und 2D-PAGE untersucht. Eine membranständige, nach 

außen ausgerichtete Formiat-Dehydrogenase war stark überexprimiert. Lösliche Hydrogenasen 

waren ebenfalls stark überexprimiert, wenn S. wolfei in Reinkultur mit Crotonsäure wuchs. Die 

PAGE-Ergebnisse wurden durch nicht-denaturierende PAGE, anoxische Aktivitätsfärbung und 

entsprechende Enzymtests mit Zellextrakten und ganzen Zellen überprüft. Die Ergebnisse 

ermöglichten ein neues Verständnis des Elektronenflusses in S. wolfei. Die Elektronen der 

Butyryl-CoA-Oxidation werden wahrscheinlich mittels einer membranständigen EtfAB:Chinon-
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Oxidoreduktase in einen Menachinonzyklus eingespeist. Die Elektronen werden durch ein 

Cytochrom b an eine nach außen orientierte Formiat-Dehydrogenase weitergeleitet. 

In P. carbinolicus und teilweise auch in P. acetylenicus wurden ebenfalls membranständige und 

cytoplasmatische Proteine mit 1D-und 2D-PAGE, Enzymtests und Kultivierungsexperimenten 

untersucht. In der Cytoplasmafraktion Ethanol-gewachsener P. carbinolicus Zellen wird 

Acetaldehyd aus Ethanol gebildet und hauptsächlich zu Acetyl-CoA weiter oxidiert. Dieses dient 

in der Substratstufenphosphorylierung zur Synthese von ATP. Zusätzlich wurde eine Ferredoxin-

abhängige, nichtacetylierende Acetaldehyd-Dehydrogenase gefunden. Vergleichende 2D-PAGE 

konnte zeigen, dass diese Acetaldehyddehydrogenase und eine Formiatdehydrogenase 

abhängig vom Spurenelement Wolfram ist. Weiterhin wurde ein einziges Mal eine Untereinheit 

eines Rnf-Komplexes und verschiedene ATP-Synthase-Untereinheiten in der Membran 

identifizert. Durch Proteinreinigung gelang auch die Anreicherung und die Identifizierung des P. 

carbinolicus Ferredoxins Pcar_2544, das zu 44% sequenzidentisch zum Ferredoxin aus 

Clostridium pasteurianum ist. Die Enzyme des Interspecies-Elektronentransfers, 

Formiatdehydrogenase und Hydrogenase, waren komproportionierend und sind konstitutiv 

exprimiert. Die Hydrogenase-Aktvität war abhängig von Riboflavin als Cofaktor. In Ethanol-

gewachsenen Cokulturen war der maximale Wasserstoffpartialdruck 1.000 Pa (entspricht 1 mM) 

und die maximale Formiatkonzentration 2 mM. Das Redoxpotenzial der Freisetzung von 

Wasserstoff und Formiat konnte als EH2 = -358 ± 12 mV bzw. EHCOOH = -366 ± 19 mV berechnet 

werden. Wasserstoff und Formiat trugen gleichberechtigt zum Elektronentransfer zwischen den 

syntrophen Partnern bei. Beide Pelobacter-Spezies konnten in Reinkultur Acetaldehyd als 

Wachstumssubstrat nutzen. Dabei disproportionierten sie Acetaldehyd zu Ethanol und Acetat. 

Dies ist der biochemische Beweis, dass Acetaldehyd ein zentrales Intermediat im Metabolismus 

von Pelobacter ist. 

Als einer der ersten publizierte V. L. Omeljanskij (1867-1928) zum Thema der mikrobiellen 

Methanbildung aus Butansäure und Ethanol. Sein Lebenswerk blieb jedoch bislang unerforscht 

und einem internationalen Publikum unzugänglich. Er verfasste 1909 das erste russische, 

mikrobiologische Lehrbuch, „Grundlagen der Mikrobiologie“ (“Основы микробиологии“) und 

verbreitete auf diese Weise die Entdeckungen und Theorien seines Lehrers S. N. Vinogradskij in 

Russland und der UdSSR. Omeljanskij veröffentlichte seine Arbeiten international und 

grenzüberschreitend in deutscher, französischer und englischer Sprache. 
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GENERAL INTRODUCTION 

 

History of the research on methanogenic mineralization 

Scientific investigation of methane, the scientific name for combustible swamp gas [1], began 

more than 200 years ago [2]. In 1774, Benjamin Franklin (1706-1790) reported in a letter to 

Joseph Priestley (1733-1804) on an observation Franklin had made with a friend in New Jersey 

in 1764: “I learned from him the manner of it; which was to choose a shallow place, where the 

bottom could be reached by a walking-stick, and was muddy; the mud was first to be stirred with 

the stick, and when a number of small bubbles began to arise from it, the candle was applied. 

The flame was so sudden and so strong, that it catched his ruffle and spoiled it, as I saw.” [3]. 

The natural philosopher Priestley was interested in “inflammable air” which led him to 

experiments with hydrogen liberated by putting metals in acid. In the third volume of his book 

“Experiments and observations on different kinds of air” he also cited in English similar 

observations by Alessandro Volta (1745-1827) with swamp gas [4]. In 1776, Volta reported to a 

friend about his recent investigations: “With this I send you a small pamphlet, which I have just 

published. It relates to inflammable air, which I have found to be the moil common of all the 

factitious airs in nature, and which I have discovered to be the usual product of the putrefaction 

and complete decomposition of vegetable substances in water.” 

Chemist A. Béchamp (1816-1908) proved 1868 that methane is formed by fermentative 

microbes. He described methanogenic cultures growing on ethanol as organic material [5]. 

These experiments on methane formation were resumed by other researchers like physiologist 

F. Hoppe-Seyler (1825-1895) [6,7] and microbiologist V. L. Omeljanskij (1867-1828) [8] few 

decades later. Both scientists also referred to the observations of Volta in their articles. Various 

substrates were used to test for methanogenic fermentation. In 1906, Omeljanskij published on 

his methane formation experiments with complex substrates like egg white or wool as well as 

simple substrates such as butyrate. Methane formation from acetone could be shown in 1915 by 

P. Mazé (1868-1947) [9]. One year later, Omeljanskij claimed to have isolated an ethanol-

degrading methanogen [10]. A very important discovery was made by N. L. Söhngen (1878-

1934) in the 1910s. During his doctoral thesis he found that carbon dioxide and hydrogen can be 

transformed into methane [11]. 

Summarizing numerous research articles and discoveries on methanogenic fermentation of 

various substrates, A. M. Buswell and S. L. Neave finally realized in 1930 that all kinds of 

organic matter are degraded microbially to methane under oxygen-free conditions [12]. H. A. 
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Barker (1907-2000) proposed methanogenesis as reduction of carbon dioxide or as a carbon 

dioxide respiration if no other electron acceptor like oxygen or sulfate was available [13]. Barker 

was inspired by the recent ideas of his teachers van Niel [14] and Kluyver [15] of respiration and 

sulfate reduction: “A consideration of this fact together with the observation of Söhngen that 

carbon dioxide could be reduced with hydrogen to methane under the influence of methane 

bacteria led van Niel to advance the hypothesis that all the methane produced by fermentation 

owes its origin to a reduction of carbon dioxide. This implies that the ordinary organic 

fermentation substrates fulfill the function of hydrogen donators for this reduction according to 

the equation: 4 H2A + CO2 → 4A + CH4 + 2 H2O” 

 

Syntrophy and interspecies electron transfer 

After C. G. T. P. Schnellen had isolated the first methanogenic pure cultures [16], it turned out 

that the degradation of complex organic matter is not performed by methanogenic microbes only 

[1]. Since methanogens have only a narrow substrate range (H2/CO2, acetate or methyl 

compounds [17,18]), several groups of prokaryotes are involved in methanogenic mineralization 

(see Fig. 21.1 in [19]). Biopolymers like carbohydrates, lipids or proteins are hydrolyzed to the 

corresponding monomers. During so-called acidogenesis, monomers are fermented further to 

simple organic compounds like fatty acids (butyrate e. g.), alcohols (ethanol e. g.) etc. These 

simple compounds are then fermented to acetate (acetogenesis) and the other methanogenic 

substrates mentioned above [19]. All in all, those difficult fermentations as observed by Volta or 

Omeljanskij require several steps of microbial degradation. 

The overall free energy yield ∆G0’ of methanogenesis from 2 mol butyrate is -35 per mol 

methane and of 2 mol ethanol is -112 kJ per mol methane under standard conditions ([20], 

based on [21]). However, the initial substrate oxidation reactions are endergonic under standard 

conditions: 

 

Butyrate: C3H7COO- + H+ + 2 H2O → 2 CH3COO- + 2 H+ + 2 H2 (∆G0’ = +48.3 kJ/mol rct. [21]) 

Ethanol: C2H5OH + H2O → CH3COO- + H+ + 2 H2 (∆G0’ = +9.6 kJ/mol rct. [21]) 

 

Under standard conditions, at 1 bar hydrogen partial pressure, the thermodynamic equilibrium 

lies on the side of the educts and the reactions do not occur in the oxidative direction. Thus, the 

hydrogen-consuming methanogens have to keep the hydrogen partial pressure low enough to 
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enable at least the biochemical margin of subsistence of -20 kJ per mol substrate [22] energy 

gain  for the secondary fermenter. The hydrogen partial pressure during ethanol oxidation should 

be at least 10-3 bar, and with 10-4 bar even lower for fatty acid degradation [19]. This 

thermodynamic dependence forces both, the secondary fermenter and the methanogen, into a 

symbiotic cooperation called syntrophy. 

The term “syntrophy” or “syntrophism” is used in today’s meaning since the 1970s [23,24], 

possibly since the 1950s [25]. The contemporary concept was derived from a different 

understanding of syntrophism. J. Lederberg defined it as “the growth of two distinct biochemical 

mutants in mixed culture as a result of the ability of each strain to synthesize the growth factor 

required by the other.” [26]. The first syntrophic coculture was “Methanobacillus omelianskii”, 

which contained an S organism that was able to oxidize ethanol [27]. 

Syntrophic cocultures are characterized by any kind of interspecies electron transfer from the 

substrate oxidizer to the methanogenic partner. Hydrogen was the first transfer compound 

known. Additionally, formate, which is energetically equal to hydrogen, has been discussed as 

electron shuttle [27,28]. In other defined cocultures also acetate and cycled cysteine or sulfur 

compounds were proposed [19]. Currently, also direct interspecies electron transfer (DIET) via 

electron-conductive minerals [29] or pili and so-called nanowires is discussed as a further mode 

of syntrophy [30,31]. 

 

Reversed electron transport and electron bifurcation 

Secondary fermenters in syntrophic cocultures live on an energy budget that is close to the 

thermodynamic limit of growth [32,33]. This accounts especially for butyrate- and ethanol-

oxidizing organisms whose energy gain can only be a part of the net outcome of the overall 

reaction. If one computes -70 kJ per mol energy investment to gain at least one mol ATP per mol 

substrate turnover, the energy yield for those oxidizers can only be one third or one half of an 

ATP for thermodynamic reasons [19]. However, electron transport phosphorylation allows the 

summation of energy amounts in the range of -20 kJ per mol by proton translocation across the 

cytoplasmic membrane following the Mitchell theory of respirative ATP synthesis [19,34]. The 

low energy gain of this type of fermentation is the crux and the motivation for biochemical 

research on syntrophic oxidizers. Two basic biochemical principles are discussed to play a major 

role in the metabolism of those fermenters: reversed electron transport and flavin-based electron 

bifurcation [30,35]. 
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Reversed electron transport. In ordinary respiration, an ion-gradient is formed while electrons are 

transported from the electron donor to the acceptor. ATP is formed by an ATP synthase that 

uses the influx of ions as driving power [34]. This process is reversible and allows, as mentioned 

above, the quantization of the -70 kJ per mol ATP into portions of about -20 kJ per mol 

translocated ions [19]. There are several membrane complexes known which can use this ion 

gradient for chemical work [30]. For example, so-called Rnf-complexes were found to use this 

ion gradient to increase the energy level of electron pairs, i. e. reducing ferredoxin (a low redox 

potential electron carrier) with NADH (a high redox-potential electron carrier) [36]. The 

availability of electron carriers with lower redox potential might help to push difficult and 

endergonic reactions. Thus, Rnf- and similar complexes were hypothesized to play a major role 

in anaerobic dissimilation [30,37]. 

Flavin-based bifurcation. The problem of endergonic redox reactions might be overcome by 

electron bifurcation or, more precisely, by electron comproportionation and disproportionation 

[38]. During acetate/ethanol fermentation by Clostridium kluyveri for example, NADH oxidation 

(medium redox potential) is connected to reduction of crotonyl-CoA (high redox potential) and 

ferredoxin (low redox potential) catalyzed by the disproportionating Bcd/EtfAB complex [39]. On 

the contrary, during glucose fermentation in Thermotoga maritima, reduced ferredoxin (low 

redox potential) and reduced NADH (high redox potential) transfer electrons simultaneously to a 

comproportionating hydrogenase to generate hydrogen at medium redox potential [40]. 

 

Aim of this thesis 

The energy conservation in syntrophic oxidizers is still not fully understood. In this thesis, the 

syntrophic oxidation of butyrate and ethanol was studied with regard to possible reverse electron 

transport and electron bifurcating mechanisms. The coculture of Syntrophomonas wolfei and 

Methanospirillum hungatei was chosen as a model system for syntrophic butyrate oxidation. 

Investigations on syntrophic ethanol oxidation were carried out with two Pelobacter species, 

Pelobacter acetylenicus and Pelobacter carbinolicus, in coculture with M. hungatei. The 

genomes of the respective fermenters have been sequenced recently [41,42]. The availability of 

genomic data inspired new working hypotheses in the past [43,44] and allowed the application of 

advanced proteomic analyses on S. wolfei and P. carbinolicus. The proteomic approach was 

complemented with enzyme assays and cultivation experiments. 
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1. LIFE AND WORK OF VASILIJ L. OMELJANSKIJ 

Alexander Schmidt, Ilya Kirillov 

 

 

ABSTRACT 

Vasilij Leonidovič Omeljanskij (Василий Леонидович Омелянский, also transliterated as 

Omelianski, Omelianskii, Omeliansky or Omelyansky) (1867-1928) was the only student to S. N. 

Vinogradskij, the discoverer of microbial chemoautotrophy. At the beginning of the 20th century, 

Omeljanskij founded a school of thought based on Vinogradskij’s discoveries and theories in 

Russia and the USSR. Omeljanskij followed the research interests of Vinogradskij and did 

pioneering work on methanogenesis and nitrogen fixation. He published the first Russian 

textbook on microbiology, “Principles of microbiology” (“Основы микробиологии“) in 1909, 

followed by numerous other articles popularizing the young science field microbiology and 

Vinogradskij’s school in Russia. Omeljanskij published internationally in German, French and 

English, thus representing a cross-border type of scientist. Today, both the international and 

Russian scientific community can positively refer to Omeljanskij’s lifework. His path of life 

exemplifies the common origin of national science traditions which grew apart the last century. 

 

 

INTRODUCTION 

Today, the history of science and scientific community in Russia and the Soviet Union is 

understood only in large fragments [45]. The reasons for that probably base upon the language 

and writing barrier, the complicated history of the Russian/Soviet Empire with its intellectual 

taboos and self-inflicted isolation, and prejudices of the non-Russian international science 

community. Understanding the history of scientific developments and the vita of scientists might 

help to overcome bequeathed biases. The life of the microbiologist V. L. Omeljanskij1 appeared 

to be a useful example since both the Russian/Soviet and International/Western science 

community can refer positively to this Russian scientist. Omeljanskij was the only student of the 

famous microbiologist S. N. Vinogradskij. So far, Omeljanskij’s life and work has been only 

presented to an international audience in connection to Vinogradskij’s opus [46-48]. In this report 
                                                           
1Names originally written in Cyrillic characters were transliterated to Latin characters using ISO 9 
transliteration rules. Other authors have transliterated Омелянский as Omelianski, Omelianskii, 
Omeliansky or Omelyansky 
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we tried to illustrate the full scope of a rich scientific career under consideration of all 

biographical sources. Additionally, the provided biography and bibliography can complement our 

knowledge on the history of microbiology. 

 

 

BIOGRAPHY OF V. L. OMELJANSKIJ 

2 

Vasilij Leonidovič Omeljanskij (Василий Леонидович Омелянский) was born in Poltava 

(Russian Empire, today Ukraine) on February 26(julian calendar) or March 10(gregorian calendar) 1867, 

respectively. His father Leonid was a teacher for old languages, presumably Latin and ancient 

Greek [49,50]. His mother Julija Vasil’evna [51] was a well-educated [52] daughter of a priest 

[53]. Vasilij L. was the youngest of four siblings [50] named Zinaїda, Pavel and Aleksandr [53]. 

He was educated in a classical gymnasium (secondary school) in Zhytomyr (Ukraine) in which 

his father worked as director [49,50,52]. Vasilij L. left school as the second best honored with a 

silver medal [49,50] to enroll in the natural history division of the physico-mathematical faculty 

[49] of the University of St. Petersburg in 1885 [50] or 1886 [49]. During his studies Vasilij L. also 

visited the lectures of the famous D. I. Mendeleev (1834-1907) [52]. After finishing his studies 

with distinction [52] in 1889 [50] or 1890 [49], he worked in the laboratory of chemist N. A. 

Menšutkin (1842-1907), for further two years. In 1891, financial difficulties forced Omeljanskij to 

accept a position as laboratory chemist in a metallurgical factory or foundry in Sulin near Rostov-

on-Don (Southern Russia). However, two years later Omeljanskij came back to St. Petersburg to 

become the assistant of S. N. Vinogradskij (1856-1953) [49,50]. 

At this time, Vinogradskij was already a well-known microbiologist. In 1887, he had discovered 

the first example of lithotrophy in hydrogen sulfide-oxidizing Beggiatoa sulfur bacteria during his 

internship in A. de Bary’s (1831-1888) laboratory at the University of Strasbourg (German 

Empire, today France) [46,48]. In his “Zürich period (1888-1891)” [48], Vinogradskij was the first 

one to be able to isolate and describe bacteria of nitrification in, how he called it, elective culture 

media free of organic supplements [46]. His methodological approach and research on ammonia 

oxidation as part of the nitrogen cycle was a significant breakthrough in agricultural research and 

soil microbiology [47]. At the same time, A. P. Ol’denburgskij (1844-1932), a Russian noble man, 

founded the Imperial Institute of Experimental Medicine (Институт Экспериментальной 

                                                           
2Omeljanskij’s signature taken from his preserved note books (Archive of the Russian Academy of 
Sciences in St. Petersburg) 
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Медицины, IEM) in St. Petersburg in 1890. He wanted to create an institution like the Institute 

Pasteur in Paris and Robert Koch’s Institute in Berlin. The Department of Physiology of the new 

institution was headed by I. P. Pavlov (1849-1936) [54]. The head position of the Department of 

General Microbiology was offered to Vinogradskij which he accepted in 1891 [46]. Vinogradskij’s 

first assistant since August 1891 was N. V. D’jakonov. D’jakonov was sent to Bessarabia 

(Moldovia) to investigate the “pelegra” (“пелегра”) disease [55]. Pellagra is actually a vitamin 

deficiency disease which is not contagious. However, Isačenko reported that D’jakonov fell sick 

and died 1895. 

Vinogradskij asked his intimate mentor Menšutkin to advise a new assistant. After a long time for 

consideration, Menšutkin recommended his former collaborator Omeljanskij [56]. Omeljanskij 

and Vinogradskij met in November 1893 the first time for a job interview. In the obituary for 

Omeljanskij, Vinogradskij remembered their first meeting: 

“There are few people whose whole appearance - facial expression, talking, laughing, manners, 

body movements - express that exactly the inner human as Vasilij Leonidovič. Soft by nature, 

quiet, balanced, kind, a perfectly behaving young man that is what I saw immediately in him and 

still underestimated his personality. From the first until the last moment in the course of almost 

35 years our relations were always cloudless. Not only I experienced him like this but also the 

others, and this contented character gave the personality of the deceased a certain charm. He 

was a living example of how a character can decorate people regardless of his fortitudes and 

abilities.” 

Vinogradskij further reported on Omeljanskij’s self-doubt since he was not used to microscope 

handling or microbiological work-flow. However, Omeljanskij learned quickly by working 

practically and studying foreign compendia. Vinogradskij noticed Omeljanskij’s manual skills 

which never caused any incidents [56]. Omeljanskij supported Vinogradskij in his investigations 

on nitrogen fixation, e. g. isolation of Clostridium pasteurianum, and analyses of different 

nitrogen compounds [55]. In 1895, Omeljanskij started to work independently on his own 

projects, his classical works on cellulose fermentation [49,50,52]. Vinogradskij reported:  

“It was time to offer him to work independently. The choice fell on decomposition of cellulose; a 

difficult question which was still unclear at the time. I recommended him to prepare an overview 

["tabula rasa"] of the existing and chaotic previous knowledge and to proceed step by step with 

an elective medium using morphological and chemical controls. Initial experience was provided 

like that but further on I became an interested spectator." [56] 
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Four years later, in 1899, Vinogradskij fell sick, thus Omeljanskij took over the practical 

supervision of the Department of General Microbiology [55]. The same time, Omeljanskij began 

his work on nitrification, a former research interest of Vinogradskij. Additionally, Omeljanskij 

investigated microbial diagnostic methods using formate degradation abilities as differentiation 

characteristic, methanogenic processes and sulfur bacteria [50]. In 1903, Vinogradskij, 

Omeljanskij and D. K. Zabolotnyj (1866-1929) established the Microbiological Society of St. 

Petersburg [53]. 

Vinogradskij planned to resign officially in 1906 and recommended Omeljanskij as succeeding 

head of the department. Omeljanskij was doubtful since he had actually no academic grade. 

However, he got the position temporarily [55]. In the time between 1906 [50] or 1909 [52] to 

1917, Omeljanskij was a lecturer for natural history courses at the women’s college of lady 

Lochwizkaja-Skalon where he was assisted by the female physician A. A. Čurilina [50,52]. 

Inspired by his lecturing experience and course material [52], Omeljanskij conceived the first 

original Russian book on microbiology “Principles of microbiology” (translation of the title by [49]) 

[50]. 

In 1911, Omeljanskij visited the International Hygiene Exhibition in Dresden (Germany). The 

Russian Empire had built a national pavilion for this exhibition also hosting a stand of the then 

famous IEM [57]. Omeljanskij represented his department and received an honor diploma [58]. 

His institutional duties grew even further in 1912. Omeljanskij became editor of the “Archive of 

biological sciences” [50]. This journal had been edited by Vinogradskij and was published in 

Russian and French. Omeljanskij was trained in French and nobody else could substitute. 

However, Omeljanskij considered this duty as a burden [55]. Omeljanskij’s preserved note books 

(Archive of the Russian Academy of Sciences in St. Petersburg) revealed that he handled 

German, French and English without problems. Moreover, Omeljanskij also became head of the 

Department of General Microbiology in April 1 1912 [55]. He hired many new collaborators, 

doctoral students and trainees (praktikanty) and thus founded a school of thought based on 

Vinogradskij’s methods and theories. One of his collaborators, I. A. Makrinov (1874-1949), for 

example established a working group investigating the microbiology of milk in the years 1918-

1925 and then worked on the microbiology of linen retting [55]. 

In the period of 1911-1916, Omeljanskij investigated the fixation of nitrogen [49]. He early 

realized that the microbial fixation of atmospheric nitrogen in symbiosis with plants is a 

widespread process and of eminent importance to agriculture and nutrition [55]. During World 

War I, Omeljanskij was promoted to an official member of the Russian science community. In 

1916, he became a corresponding member of the Russian Academy of Sciences honoring his 



Life and work of V. L. Omeljanskij  18 

 

merits in the field of biosciences. One year later, Omeljanskij was appointed to Doctor botanicus 

h. c. without examination [55]. 

Unfortunately, Omeljanskij’s biographers did not provide detailed biographical information for the 

time of World War I and the subsequent Russian revolutions. His mentor Vinogradskij’s horrible 

fate during the civil war (1918-1921) has been described in detail by microbiologist S. A. 

Waksman (1888-1973):  

“On board of a French warship, he left Odessa for Marseilles and from there made his way to his 

villa in Switzerland. His family was completely broken up. His wife had to remain behind him in 

Kiev and although his major concern was to arrange for her escape, at that time he was 

powerless to get her out of Russia.” [48] 

Finally, Vinogradskij met his wife again in Belgrade (Yugoslavia, today Serbia) where he had 

accepted a teaching position at the agricultural institute of the university. He restarted his 

bacteriological research and expressed his anger on the Bolʹševiki by writing newspaper articles 

against the new regime which exiled wealthy landowners like him [47]. 

Omeljanskij stayed in Petrograd3. In his article “War and bread crisis” (1918, see bibliography in 

Tab. 1) he called the war a “catastrophe for mankind (}) unexampled in its cruelty and 

persistence”, which led to “total exhaustion of the warring parties and collapse of several 

countries’ economies”. Omeljanskij organized an experimental bakery laboratory supervised by 

the commune of Petrograd during the bread crisis after World War I [52] and published on the 

microbiology of bread preparation and flour substitutes. According to his preserved employment 

record (Archive of the Russian Academy of Sciences in St. Petersburg), Omeljanskij was a 

member of the so-called consumer’s commune of Petrograd in April 28 1920 to December 1 

1921, which qualified him to receive ration stamps. A. A. Imšeneckij (1905-1992 [59]), one of 

Omeljanskij’s soviet biographers, emphasized Omeljanskij’s hearty concordance with the 

working class, exemplified by the correspondence of Omeljanskij with one of V. I. Lenin’s 

secretaries on the question of how bacteria affect soil fertility [52,55]. All in all, it is difficult to 

judge if Omeljanskij was threatened by World War I, revolution and civil war. Obviously, he was 

not sent to the front and could work further on his research projects (he even published in the 

allied France, see Tab. 1). Possibly, Omeljanskij was saved by his poor bourgeois ancestry and 

his popular commitment: publishing Russian text book, lecturing in a women’s college or 

showing interest for the starving people. Furthermore, one has to keep in mind that the new 

regime of the Bolʹševiki was very science-friendly and progress-oriented following their 

                                                           
3 St. Petersburg was renamed since the original name sounded too German at the beginning of World 
War I. 
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positivistic materialism and hope to overcome Russia’s poverty by industrialization (see [45] on 

this topic). In 1920, Lenin coined the slogan: “Communism is Soviet power plus the electrification 

of the whole country.” (“Коммунизм есть Советская власть плюс электрификация всей 

страны.”). With regard to Omeljanskij’s future career and welfare, he finally was able to integrate 

himself into the new state. 

In 1922, Omeljanskij published his second textbook „Practical manual of microbiology“ 

(translation of the title by [49]) [50]. One year later, he became a full member of the Russian 

Academy of Sciences [55]. The botanist A. S. Famincyn (1835-1918) and Pavlov, who had 

stayed in Petrograd, had interceded for Omeljanskij by referring also on his early works in 

Menšutkin’s laboratory [52,53]. After recommendation of Omeljanskij and Zabolotnyj, 

Vinogradskij was appointed as honor member of the Russian Academy of Sciences in 

December 7 1923. Through this act, Vinogradskij, his scientific approaches and merits were fully 

acknowledged by the new government. Notably, Vinogradskij’s forced exile was never 

mentioned by his Soviet biographers. The period of 1905-1922 was paraphrased as retirement 

phase caused by illness from which he restarted 1922 at the Institute Pasteur [60,61]. 

In 1924, Omeljanskij became editor of the popular journal [50] “Progress of biological chemistry” 

[49]. He also was an honorary member and advisor to the state botanical gardens in Yalta 

(Crimea) [52]. Omeljanskij’s preserved foreign passport (Archive of the Russian Academy of 

Sciences in St. Petersburg) revealed that he was allowed to travel again outside the Soviet 

Union since 1924. Omeljanskij corresponded with many foreign colleagues. Already 1909, he 

became member of the Medical Academical Society of Turin. In 1926, he affiliated with the 

Society of American Bacteriologists (later renamed to American Society for Microbiology) and 

the Lombardic Academical Society [51,55]. 

Unfortunately, Omeljanskij’s health condition began to deteriorate in 1927 and the evening of his 

life began. Nevertheless, Omeljanskij travelled to the Institut Pasteur (Paris, France) in 

springtime where he suffered a first heart attack [50]. For the last time, he met Vinogradskij in 

June. Vinogradskij remembered later: 

"Our relations which were interrupted as a result of the tragic events of the last century [World 

War I and revolutions], were resumed and very active with the new beginning of my laboratory 

work [in Brie-Comte Robert near Paris]. I could meet him again, even at old age when he visited 

Paris twice the last years, and could spend again a few hours with him in the laboratory, just like 

in the old days 30 years ago." [56] 
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Vinogradskij and Omeljanskij had an active exchange of letters since Omeljanskij worked out a 

new book on soil microbiology and asked his mentor for corrections [56]. This book “Short 

course in general and soil microbiology” could be finished in November or December 1927 

[49,50]. Omeljanskij suffered a second heart attack on December 2 1927 but he could recover in 

springtime 1928 and started to work again. In April, Omeljanskij was sent on vacation to Gagra 

(Abkhazia). At the resort, he was paralyzed hemiplegically and deceased two days later on April 

21, 1928 [50]. 

Vinogradskij heard about Omeljanskij’s death the same day as Omeljanskij’s last letter arrived 

[56]. One month later, in May 20 1928, a funeral ceremony was organized to which institutions 

Omeljanskij was connected to sent representatives: the Soviet Academy of Sciences, the IEM, 

the Institute of Experimental Agronomy, the Institut Pasteur, the Microbiological Society of 

Leningrad and the P. F. Lesgaft Scientific Institute. Friends and collaborators gave funeral 

speeches: A. P. Karpinskij (1847-1936, geologist), D. K. Zabolotnyj, G. A. Nadson (1867-1939, 

microbiologist), L. A. Orbeli (1882-1958, physiologist in Pavlov’s laboratory), O. M. Bogoljubova, 

L. D. Šturm (female collaborator) and I. A. Makrinov, both later Omeljanskij’s biographers [52]. 

Omeljanskij was buried at the Bogoslovskoe cemetery (Богословское кладбище) in St. 

Petersburg. His grave is lost but likely situated in the North-Western part of the cemetery. 

Vinogradskij recommended B. L. Isačenko (1871-1948) as succeeding head of the Department 

of General Microbiology at the IEM. Few years later, Isačenko published two short biographies 

of Omeljanskij [55,62]. When Isačenko changed to the Soviet Academy of Sciences, the 

department was liquidated in January 1 1938 and the IEM moved to Moscow [55]. 

Besides Omeljanskij’s outstanding merits as microbiologist, he was also a gifted chess player. 

Like his older brother Pavel, a medical doctor, he played chess since his childhood and started 

to play in competitions during his student’s years. It is reported that Omeljanskij was a talented 

portraitist [51]. Moreover, he also wrote unpublished and non-scientific short stories, several 

have been preserved at the archive of the Russian Academy of Sciences in St. Petersburg4. 

Also several pictures of Omeljanskij at work and in private have been preserved in this archive 

(see Fig. 1 to 7 for a selection). Interestingly, none of Omeljanskij’s biographers ever mentioned 

the destiny of his wife. His preserved employment record (Archive of the Russian Academy of 

Sciences in St. Petersburg) from the 1920s identified him as single. By considering other family 

pictures, we conclude that his wife died in the years before 1909. 

                                                           
4Four short stories of the year 1890 have been preserved: “Diamond” (“Алмаз”),“At the chimney” (“У 
камина”),“Sea waves” (“Морские волны”) and “First snow” (“Первый снег”). 
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Omeljanskij left behind one daughter, Marija Vasil’evna Stepanova (1901-1946), a talented 

ethnographer [52]. After her father’s death, she started to study at the State Institute of the 

History of Arts (Leningrad) in 1929. She worked for the Museum of Anthropology and 

Ethnography (so-called Kunstkamera) in the department of America studies, probably due to her 

excellent English skills. In the late 1930s, Stepanova planned to go on an expedition to the 

Aleutian and Commander Island in the Bering Sea between the USA and the Soviet Union with 

the American anthropologist Aleš Hrdlička (1869-1943). However, the beginning of World War II 

impeded this research trip. During winter time 1941/1942 she helped to save the collections of 

the Kunstkamera when the German Wehrmacht started the Leningrad Blockade (Siege of 

Leningrad, September 1941 to January 1944). Fortunately, she and the collaborators of the 

institute could be evacuated to Tashkent (Uzbekistan) in June 1942. Right after the end of the 

Blockade she came back to Leningrad and worked again for the Kunstkamera. In December 

1946, she died from asthenia. She was married to A. A. Popov (1902-1960), an ethnologist 

specialized on the shamanism of Siberian natives [63]. 
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Fig. 1. V. L. Omeljanskij as a young man. Fig. 2. V. L. Omeljanskij (sitting left) and S. N. 
Vinogradskij (standing) in the 1890s. 

  

Fig. 3. V. L. Omeljanskij in 1895. Fig. 4. V. L. Omeljanskij in 1902. 
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Fig. 5. Staff of the Institute of Experimental Medicine (St. Petersburg) in front of the main 

building in October 1904: (A) V. L. Omeljanskij, (B) V. V. Podvysozkij (1857-1913): Director of 

the IEM, physiologist and bacteriologist, (C) D. K. Zabolotnyj (1866-1926), (D) likely S. N. 

Vinogradskij (1856-1953), (E) E. S. London (1868-1939): Head of the Department of Pathology, 

author of the first monograph on radiobiology “Radium in biology and medicine” (1911) [64], (F) 

N. O. Ziber-Šumova (1854-1954): Head of the Department of Chemistry (1901-1912), first 

female as full member of the IEM (1912) [65]. 

 

Fig. 6. V. L. Omeljanskij 

surrounded by his 

collaborators in April 1913. 

Sitting: Nikolaeva, 

Omeljanskij, Domračeva. 

Standing: Makrinov, 

Unknown, Skorodumova; 

Šmelov  

(left to right). 

(A) 

(B) 

(C) 

(D) 

(E) 

(F) 



Life and work of V. L. Omeljanskij  24 

 

 

Fig. 7. V. L. Omeljanskij surrounded by his collaborators in April 1927. First row sitting: I. A. 

Makrinov, M. V. Stepanova (likely Omeljanskij’s doughter), V. L. Omeljanskij, A. M. 

Skorodumova, N. K. Suškina, L. D. Šturm. Second row standing: M. F. Štrabberg, K. R. Ulrich, 

Ju. A. Ravič-Šerbo, A. L. Byčkovskaja, L. I. Andreeva, T. L. Simakova, Manja, E. P. Galubzeva 

(left to right). 
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OMELJANSKIJ’S METHODOLOGY AND IMPORTANCE FOR RUSSIAN AND SOVIET MICROBIOLOGY 

 

The methods Omeljanskij used founded on Vinogradskij’s practice of “elective media” which 

were composed of defined and artificial components harmonized to the microbial degradation 

process the scientist wanted to detect and select5 [50,55]. At the time of Vinogradskij’s great 

discoveries such an approach was revolutionary since microbiologists were used to enrich 

microbes in media rich in unspecific organic substances. Makrinov, biographer and collaborator 

of Omeljanskij, emphasized Omeljanskij’s scientific accuracy, his chemical-analytical talent and 

his sophisticated study of sources in the common science languages German, French and 

English [50]. Beyond that, Omeljanskij developed novel microbiological methods, e. g. optimized 

vessels for anaerobic cultivation (“A simple apparatus for cultivation of anaerobes in test tubes” 

1902, see Tab. 1). 

Omeljanskij received the theoretical concepts of Vinogradskij and added a biochemical point of 

view. He imagined “microorganisms as chemical reagents” (see his book of 1924) [49,52] and 

described their specific “role in the transformation of matter in nature” [49]. Omeljanskij 

considered physiological and morphological research as two sides of the same problem [52]. He 

treated “microorganisms from a morphological and physiological rather than from an applied 

point of view“ [49]. However, Omeljanskij understood the possibility of biotechnological use of 

microbes. In his speech at the anniversary meeting of the Russian Academy of Sciences in 

February 1925, he emphasized that controlling the environmental parameters allowed controlling 

the specificity of the “chemical work” of microbes. He realized the importance of enzyme 

activities on vital functions although he could not understand their chemical nature at that time. 

All biographers of Omeljanskij emphasize his fundamental role for the development of Russian 

and Soviet microbiological research. Omeljanskij founded a school of thought based on [47] 

Vinogradskij’s understanding of microbial processes. Vinogradskij himself admits the importance 

of his student in spreading those novel ideas:  

“Last, I just want to emphasize his important role in the establishment of microbiological 

knowledge in Russia in which I deny that part of this role which is attributed to me from time to 

time. My work in Russia was too short to found a school of thought and at a time when my topics 

of research found no particular interest, considering that I had no students and collaborators 

                                                           
5The famous microbiologist and founder of the “Delft school of microbiology” [2,69] M. W. Beijerinck 
(1851-1931) used the method of “enrichment” or “accumulation” cultures the same time. Both concepts, 
elective and enrichment cultures, are basically the same. Vinogradskij criticized Beijerinck in the 1920s for 
using Vinogradskij’s elective culture method and renaming it as if it was a new invention [47]. However, we 
recognize both microbiologists as original inventors and founding fathers of microbial ecology. 
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apart from Omeljanskij back then. Particularly, he was the one attracting students and 

collaborators from other fields of microbiology when I was already far away. And his great 

pedagogical talent developed in parallel whose crown is "Principles of microbiology", the first 

Russian textbook in this field. The great and deserved success of that book is known to all. 

The history of Russian science will be grateful for this talent of the deceased scientist.” [56] 

Omeljanskij was the first writing a Russian textbook on microbiology, "Principles of microbiology" 

in 1909. Even earlier, he had also participated in writing a German textbook on microbiology, 

called “Handbook of technical mycology” in 1904. Omeljanskij’s books were read throughout 

40 years and were useful to educate several generations of Russian and Soviet microbiologists 

[52]. Vinogradskij commented on Omeljanskij’s writing skills: 

“The educational, scientific literary activity of Omeljanskij developed in my absence [when 

Vinogradskij had left the IEM and later Russia]. I observed this activity and also welcomed the 

publication of his "Principles of microbiology" from afar." [56] 

 

 

OMELJANSKIJ’S RESEARCH PROJECTS AND BIBLIOGRAPHY 

 

The most important works and articles of Omeljanskij were summarized and reprinted in 1953 

when A. A. Imšeneckij edited “V. L. Omeljanskij. Selected works”. This book in two volumes also 

contains an extensive reference list of all articles and books Omeljanskij published in Russian, 

German, French and English [52]. We revised this bibliography and checked named references 

as far as possible (Tab. 1). 

Only a minor part of the listed references is easily available since most articles and books have 

not been digitized yet. Omeljanskij published only once in English on “aroma-producing 

microorganisms” in the American Journal of Bacteriology in 1923. This article is still of interest 

for medical analytics and was cited quite often in the last decade (e. g. by [66,67]). 

Today, the name of Omeljanskij is still present in publications on methane-forming mixed 

cultures, so-called syntrophic cocultures [19,33]. This fame is based on Omeljanskij’s French 

publication “Methane fermentation of ethanol” of 1916 (Tab. 1), which inspired biochemist H. A. 

Barker (1907-2000) to isolate Methanobacterium omelianskii, an ethanol-degrading 

methanogenic microbe in the late 1930s [68]. Barker was a student of A. J. Kluyver (1888-1956), 

and Kluyver’s best known student C. B. van Niel (1897-1985) both representatives with the so-
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called “Delft school of microbiology” [2,69]. In 1967, the renamed Methanobacillus omelianskii 

was characterized as a syntrophic coculture of an ethanol-fermenting S organism and a 

methanogen [27]. Actually, M. omelianskii has been the first representative of syntrophic 

cocultures isolated in modern times. Today, it is unclear if Omeljanskij had described an ethanol-

degrading archaeal pure culture similar to Methanogenium organophilum [70] or a mixed culture 

like M. omelianskii. All in all, Omeljanskij was one of the founding fathers of the research on 

methanogenic processes since he was the first to apply a methodical and systematic approach 

to investigate methane formation from ethanol and cellulose. During his research on cellulose 

fermentation (1895-1904, see Tab. 1) he discovered two types of cellulose fermentation: a 

hydrogen- and a methane-yielding fermentation. With today’s knowledge on syntrophic 

communities, he actually detected the principle of interspecies electron transfer via hydrogen 

[19] – but unfortunately did not realize the concept behind it. 

The classical works of Omeljanskij on cellulose degradation and nitrification was mostly written 

in German, the most important language of science at the beginning of the 20th century. 

However, Omeljanskij stopped publishing in German, the foreign language he was the most 

proficient in, at the beginning of World War I. In August 1914, the German Empire had started a 

war against the Russian Empire and publishing in the enemy’s country would have been 

unpatriotic, of course. In addition to such practical inconvenience, one has to keep in mind that 

the German scientists broke up with the international community when the war began. German 

academics published two manifestos (“Manifesto of the 93” and “Declaration of the university 

professors of the German Empire” [71]) justifying German war crimes. Historian F. Stern 

illustrated the unique event in the history of science as follows: 

“Most of these men [British historians as example for scientists] had once cherished German 

scholarship and had admired a country that in so many ways had been full of promise, with its 

astounding creativity in the sciences and its legacy of music and the arts. In truth, Germany had 

been a country of thinkers and poets. But the old bonds snapped in October 1914, when ninety-

three of Germany’s leading artists, scholars, and scientists signed the Manifesto of the 93, 

defiantly addressed “to the Kulturwelt,” proclaiming German innocence, insisting on the absolute 

identity of German culture and German militarism, defending Germany’s invasion of Belgium, 

and denying all allegations of atrocities. The manifesto, addressed to erstwhile peers and 

friends, was instantly circulated in the West – and it was perceived as something like a second, 

a moral, declaration of war. This egregious statement, an example of autistic arrogance, was 

perhaps the first major declaration that intellectuals in our century signed; it was intended to be 

an expression of freedom but actually bespoke a deep subservience.” [72] 
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The “Declaration of the university professors of the German Empire” was signed by the vast 

majority of German university professors [71]. Also several scientists Omeljanskij certainly knew 

personally subscribed the manifesto: G. Lindau and A. Stutzer, both editors of the Journal 

“Centralblatt für Bakteriologie, Parasitenkunde und Infektionskrankheiten (2. Abteilung)” in which 

Omeljanskij had published numerous articles, or microbiologists P. Frosch and F. T. Doflein, 

who had organized the microbiology and parasitology group at the International Hygiene 

Exhibition in Dresden 1911 [57]. Omeljanskij never published again in German, although he read 

German texts such as “Die rezenten Kaustobiolithe und ihre Lagerstätten. Band I: Die 

Sapropelite” by H. Potonié (1925, Tab. 1). 

Omeljanskij’s late work was almost completely written in Russian. Several articles prove his 

participation in state institutions like the “Commission for the exploration of natural resources of 

Russia at the Russian Academy of Sciences” and argue for his integration into the young Soviet 

Union. However, he also published some articles in French using his connection to Vinogradskij 

and the one mentioned in English.  

 

Tab. 1 Bibliography of V. L. Omeljanskij‘s published articles and books. Original titles (given as 

grey text in brackets) were translated to give insights into Omeljanskij’s research topics. 

Numbers at the right side explain the origin of the bibliographical note: 1confirmed as original, 
2containing source could be confirmed by searching library databases etc. but not as original, 
3taken from the reference list of [52] without further confirmation. 

1892 On the effect of dilution on the reaction rate of chemical reactions (К вопросу о 
влиянии разбавления на скорость химических реакций). Journal of the Russian 
Physico-chemical Society (Журнал Русского физико-химического общества), 24 

3 

1895 About cellulose fermentation (Sur la fermentation de la cellulose). Comptes rendus de 
l'académie des sciences 121:653-655 

1 

1897 About a cellulytic ferment (Sur un ferment de la cellulose). Ibid. 125:970-973 1 

 About cellulose fermentation (Sur la fermentation cellulosique). Ibid. 125:1131-1133 1 

1899 On the effect of organic compounds on the work of microbial nitrification (О влиянии 
органических веществ на работу микробов нитрификации). Archive of biological 
sciences (Архив биологичеcких наук) 7 (in collaboration with S. N. Vinogradskij) 

3 

 On the nitrification of organic nitrogen (О нитрификации органического азота). Ibid.  3 

 On the isolation of nitrification microbes from soil (О выделении микробов 
нитрификации из почвы). Ibid. 

3 

 On the hydrogen fermentation of cellulose (О водородном брожении целлюлозы). 
Ibid. 

3 

 About nitrification of organic nitrogen (Ueber die Nitrifikation des organischen 
Stickstoffes), Centralblatt für Bakteriologie, Parasitenkunde und Infektionskrankheiten 
(2. Abteilung) 5(13):474-490 

1 
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 About the isolation of nitrification microbes from soil (Ueber die Isolierung der 
Nitrifikationsmikroben aus dem Erdboden). Ibid. 5(15): 537-549 

1 

 Magnesia gypsum plates als new solid substrate for the culture of nitrification 
organisms (Magnesia-Gipsplatten als neues festes Substrat für die Kultur der 
Nitrifikationsorganismen). Ibid. 5:652-655 

1 

1902 About the fermentation of cellulose (Ueber die Gärung der Cellulose). Ibid. 8(7-13): 
193-201, 225-231, 257-263, 289-295, 321-326, 353-361, 385-391, 605 

1 

 A simple apparatus for cultivation of anaerobes in test tubes (Ein einfacher Apparat 
zur Kultur von Anaëroben im Reagenzglase). Ibid. 8(22):711-714 

1 

 Short notice on nitrification microbes. I. Culture of nitrite formers on paper sheets 
(Kleinere Mitteilungen über Nitrifikationsmikroben. I. Die Kultur des Nitritbildners auf 
Papierscheiben). Ibid. 8(25):785-787 

1 

 Short notice on nitrification microbes. II. Does Nitrobacter oxidize sulfurous and 
phophorous acid? (Kleinere Mitteilungen über Nitrifikationsmikroben. II. Wird 
schweflige und phosphorige Säure durch Nitrobacter oxydiert?). Ibid. 9:63-65 

1 

 Short notice on nitrification microbes. III. Do nitrite microbes excrete an oxydase? 
(Kleinere Mitteilungen über Nitrifikationsmikroben. III. Scheiden Nitritmikroben eine 
Oxydase aus?). Ibid. 9:113-117 

1 

 On methane fermentation of fiber (О метановом брожении клетчатки). Archive of 
biological sciences (Архив биологичеcких наук) 9 

3 

1903 Input for differential diagnostic of pathogenic bacteria (Beiträge zur 
Differentialdiagnostik einiger pathogenen Bakterienarten). Centralblatt für 
Bakteriologie, Parasitenkunde und Infektionskrankheiten (1. Abteilung) 24(1):1-6 

1 

 About decomposition of formic acid by microbes (Ueber die Zersetzung der 
Ameisensäure durch Mikroben). Ibid. (2. Abteilung) 11(6/7):178-189 

1 

1904 The histological and chemical changes of linen stipes under the influence of pectin 
and cellulose-fermenting microbes (Die histologischen und chemischen 
Veränderungen der Leinstengel unter Einwirkung der Mikroben der Pektin- und 
Cellulosegärung). Ibid. 12(1):33-43 

1 

 About the separation of hydrogen and methane fermentation of cellulose (Ueber die 
Trennung der Wasserstoff- und Methangärung der Cellulose). Ibid. 11(12/13):370-377 

1 

 On differential diagnostic of pathogenic bacteria (К вопросу о дифференциальной 
диагностике некоторых патогенных микробов). Archive of biological sciences 
(Архив биологичеcких наук) 10 

3 

1904-
1907 

Chapters in Handbook of Technical Mycology (Handbuch der Technischen Mykologie) 
Vol. 1. Editor: F. Lafar. Jena: Gustav Fischer:  
The sulfur cycle (Der Kreislauf des Schwefels). 214-244; The cellulose fermentation 
(Die Cellulosegärung). 245-285; Cultivation of anaerobic microorganisms (Die 
Züchtung anaerober Kleinlebewesen). 576-600 

1 

1905 Sodium formate containing bouillon as culture medium for differential diagnostics of 
microbes (Ameisensaures Natron enthaltende Bouillon als Nährboden zur 
differentiellen Diagnostik der Mikroben). Centralblatt für Bakteriologie, Parasitenkunde 
und Infektionskrankheiten (2. Abteilung) 14(22/23):674-675 

1 

 About a new species of colorless thiospirilla (Ueber eine neue Art farbloser 
Thiospirillen). Ibid. 14(25):769-772 

1 

1906 Sodium formate containing bouillon as culture medium for differential diagnostics of 
microbes (Бульон с муравьиным натрием, как среда для дифференциальной 
диагностики микробов). Archive of biological sciences (Архив биологичеcких наук) 

3 
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12 

 About methane formation in nature during biological processes (О выделении метана 
в природе при биологических процессах). Ibid. 

3 

 On the application of bacteriological methods for chemical investigation (О 
применении бактериологического метода при химическом исследовании). Ibid. 

3 

 On the production of nitric acid from the elements of air in relation to the nutrition 
problem (Добывание азотной кислоты из элементов воздуха в связи с проблемой 
питания). Journal of experimental agronomy (Журнал опытной агрономии) 7 

3 

 About methane formation in nature during biological processes (Ueber Methanbildung 
in der Natur bei biologischen Prozessen). Centralblatt für Bakteriologie, 
Parasitenkunde und Infektionskrankheiten (2. Abteilung) 15(22/23):674-687 

1 

1907 Short notice on nitrification microbes. IV. About staining the nitrification microbes 
(Kleinere Mitteilungen über Nitrifikationsmikroben. IV. Zur Färbung der 
Nitrifikationsmikroben). Ibid. 19:263-264 

1 

 Development of natural science in Russia during the last quarter of the century 
(Развитие естествознания в России в последнюю четверть века). In: History of 
Russia in the XIXth century (История России XIX в) Vol. 9, chapter 5. St. Petersburg: 
publishing house Brothers A. and I. Granat 

2 

1909 Principles of microbiology (Основы микробиологии). 1st edition. St. Petersburg: 
publishing house Imperial institute for experimental medicine (Императорский 
Институт экспериментальной медицины) 

2 

1911 Effect of radium radiation on luminous bacteria (Die Einwirkung der Radiumstrahlen 
auf die leuchtenden Bakterien). Zeitschrift für Balneologie, Klimatologie und Kurort-
Hygiene 4(15):405-409 

1 

 Pigment formation in cultures of Azotobacter chroococcum (Die Pigmentbildung in 
Kulturen des Azotobacter chroococcum). Centralblatt für Bakteriologie, 
Parasitenkunde und Infektionskrankheiten (2. Abteilung) 29:643-650 (in collaboration 
with O. N. Severova) 

1 

 Bacteriological examination of the sanga-jurach mammoth and the surrounding soil 
(Бактериологическое исследование санга-юрахского мамонта и прилегающей 
почвы). Archive of biological sciences (Архив биологичеcких наук) 16 

3 

1912 Chapters in Medical microbiology (Медицинская микробиология) Vol. 1, chapters 1-
3. Editor: L. A.Tarasevič. St. Petersburg, Kiev: Historic abstract (Исторический 
очерк); General morphology of microbes (Общая морфология микробов); General 
physiology of microbes (Общая физиология микробов) 

2 

 The question of cellulose fermentation (Zur Frage der Zellulosegärung). Centralblatt 
für Bakteriologie, Parasitenkunde und Infektionskrankheiten (2. Abteilung) 36:472-473 

1 

 Articles in Dictionary of nature sciences (Handwörterbuch der Naturwissenschaften). 
Editor: E. Korschelt et. al. Jena: Gustav Fischer:  
Nitrification by bacteria (Nitrifikation durch Bakterien) 1:810-816; Sulfur bacteria 
(Schwefelbakterien) 1:816-818; Iron bacteria (Eisenbakterien) 1:818-820; Cellulose 
fermentation (Cellulosegärung) 4:512-514; Acetic acid fermentation (Essiggärung); 
4:515-518; Lactic acid fermentation (Milchsäuregärung) 4:519-524; Butyric acid 
fermentation (Buttersäuregärung) 4:524-526 

1 
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1913 Principles of microbiology (Основы микробиологии). 2nd edition. St. Petersburg: print 
shop K. Mattisen 

2 

 The question of the chemical composition of the bacterial bodies of Azotobacter 
chroococcum (Zur Frage nach der chemischen Zusammensetzung der 
Bakterienkörper des Azotobacter chroococcum). Zeitschrift für physikalische Chemie 
88:445-459 

1 

 On microbes binding free atmospheric nitrogen (О микробах, связывающих 
свободный азот атмосферы). Nature (Природа) 9:1041-1048 

1 

1914 Novel bacillus: Bacillus flagellatus Omel (Новый бацилл: Bacillus flagellatus Omel). 
Journal of microbiology (Журнал микробиологии) 1(1-2). Editor: G. A. Nadson. 
Petrograd 

2 

 On the relation between the rate of nitrogen fixation and consumption of nitrogen-free 
organic matter by nitrogen-fixing bacteria (О соотношении между усвоением азота и 
расходом безазотистого органического вещества у азотфиксирующих бактерий). 
Archive of biological sciences (Архив биологичеcких наук) 18 

3 

 Fixation of atmospheric nitrogen in mixed cultures (Фиксация атмосферного азота в 
условиях смешанной культуры). Ibid. 

3 

 Book review on “Studies on bacteria of the arctic ocean” (“Исследования над 
бактериями Северного Ледовитого океана“) by B. L. Isačenko (Petrograd) 

3 

 Degradation of few organic acids by schyzomycetes (Der Abbau einiger organischer 
Säuren durch Spaltpilze) In: Handbook of Technical Mycology (Handbuch der 
Technischen Mykologie) Vol. 5. Editor: F. Lafar. Jena: Gustav Fischer 

1 

1915 On the application of free-living soil bacteria for fertilization (О применении свободно 
живущих в почве азотфиксирующих бактерий для удобрения полей). Journal of 
microbiology (Журнал микробиологии) 2 

3 

 On the distribution of nitrogen-fixing bacteria in Russian soils (О распространении 
азотфиксирующих бактерий в русских почвах). Archive of biological sciences 
(Архив биологичеcких наук) 18 (in collaboration with M. M. Solunskova) 

3 

 On the physiology and biology of nitrogen-fixing bacteria. Part 1: Azotobacter 
chroococcum (К физиологии и биологии азотфиксирующих бактерий. Часть 1: 
Azotobacter chroococcum). Ibid. 19 

3 

 On the physiology and biology of nitrogen-fixing bacteria. Part 2: Clostridium 
pasteurianum (К физиологии и биологии азотфиксирующих бактерий. Часть 2: 
Clostridium pasteurianum). Ibid. 

3 

1916 On the morphology and cytology of nitrogen-fixing bacteria (К морфологии и 
цитологии азотфиксирующих бактерий). Ibid. 20 

3 

 Methane fermentation of ethanol (Fermentation méthanique de l'alcool éthylique). 
Annales de l’institut Pasteur 30:56-60 

1 

 On the distribution of nitrogen fixation in nature (О распространении функции 
связывания свободного азота в растительном царстве). Journal of microbiology 
(Журнал микробиологии) 3 

3 

 Production of citric acid from sugar (Получение лимонной кислоты из сахара. 
Критический обзор). Ibid. 

3 

1917 Bacteriological research of lakes Beloje and Kolomno (Бактериологическое 
исследование озёр Белое и Коломно). Ibid. 4 

3 

 Fermentation of dough and bread preparation (Брожение теста и приготовление 
хлеба). Ibid. 

3 
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 I. I. Mečnikov, his life and works (И. И. Мечников, его жизнь и труды). Petrograd: 
publishing house P. P. Sojkin (П. П. Сойкин) 

2 

 Bread, its preparation and properties (Хлеб, его приготовление и свойства). 
Moskow, Petrograd: publishing house Priroda 

2 

 Principles of microbiology (Основы микробиологии). 3rd edition. Petrograd: print shop 
K. Mattisen 

2 

1918 War and bread crisis (Война и хлебный кризис). Nature (Природа) 1:64-72 1 

1919 Scenting microbes (Душистые микробы). Ibid. 10-12:455-468 1 

 Essays on microbiology (Очерки по микробиологии). Editor: People’s commissariat 
for agriculture (НарКоЗем). Petrograd 

3 

1920 On bacteria developing fruit flavor in culture (О микробах, развивающих в культурах 
фруктовый аромат). Journal of experimental agronomy (Журнал опытной 
агрономии) 22(1) 

3 

 On the physiology of Photobacterium italicum Foà et Chiapella (К физиологии 
Photobacterium italicum Foà et Chiapella). Proceedings of the scientific institute P. F. 
Lesgaft (Известия Петроградского научного института им. П. Ф. Лесгафта) 1 

3 

 Kefir (Кефир). Ibid. 2 3 

1921 Kumis (Кумыс). Ibid. 3 3 

1922 Scientific creativity and fortune discoveries (Научное творчество и случайные 
открытия). Ibid. 5 

3 

 Principles of microbiology (Основы микробиологии). 4th edition. Petrograd: state 
publishing house (Госиздат) 

3 

 Practical manual of microbiology (Практическое руководство по микробиологии). 
Petrograd: publishing house of chemistry and engineering (Научное химико-
техническое издательство) 

2 

 Louis Pasteur (Луи Пастер). Petrograd: publishing house of chemistry and 
engineering (Научное химико-техническое издательство) 

2 

1923 Invisible world. Essays on microbiology (Невидимый мир. Очерк по микробиологии). 
Moscow, Petrograd 

2 

1923 Binding of atmospheric nitrogen by soil bacteria (Связывание атмосферного азота 
почвенными бактериями). Editor: Commission for the exploration of natural 
resources of Russia at the Russian Academy of Sciences (Комиссия по изучению 
естественных производительных сил России при Российской Академии наук). 
Petrograd 

2 

 Aroma-producing microörganisms. Journal of Bacteriology 8(4):393-419 1 

 Notice on the scientific work of S. N. Vinogradskij (Записка об учёных трудах С. Н. 
Виноградского). Proceedings of the Russian academy of science (Известия 
Российской Академии наук) 

3 

 Pasteur’s lifework (Творчество Пастера) Speech in the ceremonial assembly of the 
academy of science on the occasion of the 100 year-jubilee of Pasteur. Nature 
(Природа) 1-6:61-72 

1 

 Role of fortune in scientific practice (Роль случая в научном творчестве). In: 
Creativity (Творчество) 

3 

 Kefir and Kumis (Кефир и кумыс) 3 
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1924 Microorganisms as chemical reactives (Микроорганизмы как химические реактивы). 
Leningrad: Scientific chemical-technical publishing house (Научное химико-
техническое издательство).  

1 

 Principles of microbiology (Основы микробиологии). 5th edition. Leningrad: state 
publishing house Gosizdat (Госиздат) 

2 

 Collection dedicated to the 75th birthday of Ivan Petrovič Pavlov (Сборник 
посвященный 75-летию академика Ивана Петровича Павлова) 

2 

 On the spontaneous fermentation of dough (О самопроизвольном брожении теста). 
Proceedings of the scientific institute P. F. Lesgaft (Известия Петроградского 
научного института им. П. Ф. Лесгафта) 8 

3 

 Bread, its preparation and properties (Хлеб, его приготовление и свойства). 2nd 
edition 

3 

 On the biochemical orientation of bacteriology (О биохимическом направлении в 
бактериологии). Hygiene and Epidemiology (Гигиена и эпидемиология) 6 

3 

 Introduction for ”Achievements of biological chemistry“ (“Успехи биологической 
химии“) Vol. 1 

3 

1925 Several experiments with microbes (Несколько опытов над микробами). Explore 
nature (Исследуйте природу) 1 

3 

 The book and microorganisms (Книга и микроорганизмы). Nature (Природа) 1-3:36-
48 

1 

 The upcoming tasks of modern microbiology (Очередные задачи современной 
микробиологии) Speech on the anniversary meeting of the Russian Academy of 
Sciences at February 2 1925. Proceedings of the Russian academy of science 
(Известия Российской Академии наук) 19 

1 

 Book review on “The recent kaustobioliths and their deposits. Volume I: The 
sapropelic deposits” (“Die rezenten Kaustobiolithe und ihre Lagerstätten. Band I: Die 
Sapropelite”) by H. Potonié, 1908 (In: Abhandlungen der Königlich Preussischen 
Geologischen Landsanstalt 55). Proceedings of the Sapropel comittee (Известия 
Сапропелевого комитета) 2 

3 

 Artificial cells (Искусственные клетки). Adventure world (Мир приключений) 3 3 

 Trends in Russian microbiology (Пути развития микробиологии в России). 
Proceedings of the VIIIth congress of microbiologists, epidemiologists and physicians 
(Труды VIII съезда бактериологов, эпидемиологов и санитарных врачей) 

3 

1926 Latest trends in the research of microbial forces in soil (Новейшие течения в области 
исследования микробных сил почвы). Proceedings of the Institute of experimental 
agronomy (Известия Института опытной агрономии) 4(1-2) 

3 

 Achievements of modern microbiology (Успехи современной микробиологии). In: 
Achievements of modern science and engineering (Успехи и достижения 
современной науки и техники). Editor: V. V. Aleksandrov. Moscow: education worker 
(Работник просвещения) 

2 

 Resistance of Azotobacter cultures against desiccation (Устойчивость культур 
азотобактера к высыханию) Proceedings of the department of agricultural 
microbiology (Труды Отделения сельскохозяйственной микробиологии) 1 

3 

 Resistance of Azotobacter chroococcum against desiccation (La résistance des 
cultures d'Azotobacter chroococcum à la dessication). Comptes rendus de l'académie 
des sciences 183:707-708 

1 
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 About a method to cultivate the linen retting germ (Sur une méthode de culture du 
bacille du rouissage du lin). Ibid. 183:919-921 (in collaboration with M. M. Konova) 

1 

 Fermentation of pectin in mixed cultures (Сбраживание пектиновых веществ в 
условиях смешанной культуры). Archive of biological sciences (Архив 
биологичеcких наук) 26 (in collaboration with M. M. Konova) 

3 

 Importance of the microbiological method for soil research (Значение 
микробиологического метода в исследовании почв). Editor: Commission for the 
exploration of natural resources of Russia at the Russian Academy of Sciences 
(Комиссия по изучению естественных производительных сил России при 
Российской Академии наук) 

3 

 Principles of microbiology (Основы микробиологии). 6th edition. Moscow, Leningrad: 
State publishing house Gosizdat (Госиздат) 

2 

 Hidden forces of nature (Скрытые силы природы). Sparks of science (Искры науки) 
2(8) 

3 

 Mečnikov and Tolstoj (Мечников и Толстой). Nature (Природа) 7-8:42-50 1 

 Preface and editorial of ”Microorganisms of soil and its fertility“ (”Микроорганизмы 
почвы и ее плодородие“) by O. G. Šul’gina, Moscow, Leningrad: State publishing 
house Gosizdat (Госиздат) 

2 

1926-
1927 

Articles in Great Soviet encyclopedia (Большая советская энциклопедия). Editor: O. 
Ju. Šmidt et. al. Moskow: Soviet encyclopedia (Советская энциклопедия):  
Bacteria (Бактерии); bacteriology (Бактериология); fermentation (Брожение) 

3 

1927 Role of microorganisms in the weathering of rocks (Роль микроорганизмов в 
выветривании горных пород). Anniversary publication honoring I. P. Borodin 
(Юбилейный сборник, посвященный Ивану Парфеньевичу Бородину) 

3 

 S. N. Vinogradskij (С. Н. Виноградский). Nature (Природа) 1:3-10 1 

1929 Short course in general and soil microbiology (Краткий курс общей и почвенной 
микробиологии) (published posthumously). Moscow, Leningrad: Association of state 
book and magazine publishers (Объединение государственных книжно-
журнальных издательств) 

2 

 

 

PUBLICATIONS ON OMELJANSKIJ’S LIFE AND WORK 

 

Due to Omeljanskij’s impact on the Russian and Soviet microbiology community, his scientific 

merits and his biography have been documented in various Russian articles and books. 

However, English sources for an international audience are scarce. Most English articles are 

actually dealing with Vinogradskij’s scientific career, mentioning Omeljanskij as Vinogradskij’s 

only student just aside. The list of publications which provides details about Omeljanskij (Tab. 2) 

may complete the picture of Omeljanskij that we tried to convey. 
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Tab. 2 List of publications with details on V. L. Omeljanskij’s life and scientific work. Numbers at 

the right side explain the origin of the bibliographical note: 1confirmed as original, 2containing 

source could be confirmed by searching library databases etc. but not as original, 3taken from 

the reference list of [52] without further confirmation. 

1928 Bogoljubova, O. M., V. L. Omeljanskij. Personal memories (В. Л. Омелянский. Из 
личных воспоминаний). Archive of biological sciences (Архив биологичеcких наук) 
25:228-234 

1 

 Vinogradskij, S. N., Memoir of V. L. Omeljanskij. Personal memories (Памяти В. Л. 
Омелянского. Личные воспоминания). Ibid. 28:201-204 

1 

 Zabolotnyj, D. K., Thirty-five years of service to microbiology (Тридцать пять лет 
служения микробиологии). Ibid. 28:207 

3 

 Makrinov, I. A., Vasilij Leonidovič Omeljanskij (Василий Леонидович Омелянский). 
Ibid. 28:210 

3 

 Savič, V., Remembrance on V. L. Omeljanskij (Воспоминание о В. Л. Омелянском). 
Achievements of biological chemistry (Успехи биологической химии) 6:5 

3 

 Ivanov, N. N., Memoirs of academic V. L. Omeljanskij (Памяти академика В. Л. 
Омелянского). Ibid. 6:8 

3 

 Isačenko, B. L., Akademic V. L. Omeljanskij (1867-1928) (Академик В. Л. 
Омелянский (1867-1928)). Nature (Природа) 9:771-776 

1 

 Ljubimenko, V. N., Memoir of V. L. Omeljanskij (Памяти Василия Леонидовича 
Омелянского). Proceedings of the scientific institute P. F. Lesgaft (Известия 
института им. П. Ф. Лесгафта) 14:5 

3 
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ABSTRACT  

In syntrophic conversion of butyrate to methane and CO2, butyrate is oxidized to acetate by 

secondary fermenting bacteria such as Syntrophomonas wolfei in close cooperation with 

methanogenic partner organisms, e. g., Methanospirillum hungatei. This process involves an 

energetically unfavourable shift of electrons from the level of butyryl-CoA oxidation to the 

substantially lower redox potential of proton and/or CO2 reduction, in order to transfer these 

electrons to the methanogenic partner via hydrogen and/or formate.  

In the present study, all prominent membrane-bound and soluble proteins expressed in S. wolfei 

specifically during syntrophic growth with butyrate, in comparison to pure-culture growth with 

crotonate, were examined by one- and two-dimensional gel electrophoresis, and identified by 

peptide fingerprinting-mass spectrometry. A membrane-bound, externally oriented, quinone-

linked formate dehydrogenase complex was expressed at high level specifically during 

syntrophic butyrate oxidation, comprising a selenocystein-linked catalytic subunit with a 

membrane-translocation pathway signal (TAT), a membrane-bound iron-sulfur subunit, and a 

membrane-bound cytochrome. Soluble hydrogenases were expressed at high levels specifically 

during growth with crotonate. The results were confirmed by native protein gel electrophoresis, 

by formate dehydrogenase and hydrogenase-activity staining, and by analysis of formate 

dehydrogenase and hydrogenase activities in intact cells and cell extracts. Furthermore, 

constitutive expression of a membrane-bound, internally oriented iron-sulfur oxidoreductase 

(DUF224) was confirmed, together with expression of soluble electron-transfer flavoproteins 

(EtfAB) and two previously identified butyryl-CoA dehydrogenases.  

Our findings allow to depict an electron flow scheme for syntrophic butyrate oxidation in 

S. wolfei. Electrons derived from butyryl-CoA are transferred through a membrane-bound 

EtfAB:quinone oxidoreductase (DUF224) to a menaquinone cycle and further via a b-type 

cytochrome to an externally oriented formate dehydrogenase. Hence, an ATP hydrolysis-driven 

proton-motive force across the cytoplasmatic membrane would provide the energy input for the 

electron potential shift necessary for formate formation.  
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INTRODUCTION 

 

Fermentation of butyrate to methane and CO2 is catalyzed by fatty acid-oxidizing bacteria in 

syntrophic cooperation with hydrogen-scavenging, methanogenic partner organisms, e. g., by 

Syntrophomonas wolfei in cooperation with Methanospirillum hungatei. Under these conditions, 

the butyrate-oxidizing bacteria can gain energy in the range of approximately -20 kJ per mol of 

butyrate oxidized [20], which is just sufficient to support microbial growth [33]. However, the 

biochemical mechanism of syntrophic butyrate oxidation by S. wolfei has not yet been resolved 

[73]. 

Fermentation of butyrate by S. wolfei involves hydrogen formation by reduction of protons (or 

formate formation by reduction of CO2) with electrons released in the beta-oxidations of butyrate, 

while the methanogenic partner has to maintain a very low hydrogen partial pressure to keep the 

overall degradative reactions thermodynamically favorable, hence, to allow for butyrate oxidation 

to two acetate and simultaneous energy conservation [20,74,75]. Production of hydrogen (or 

formate) with electrons derived from butyrate oxidation is energetically unfavourable: the 

midpoint potential of the proton/hydrogen couple is raised to -300 to -250 mV if the 

methanogenic partner organisms keep the hydrogen concentration below 10-4 atm hydrogen 

[20,33]. This level can just be met by electrons delivered via NADH (E0´ = -320 mV [21]), and 

NAD+ is indeed the electron acceptor in the second oxidation step in the butyrate pathway, from 

3-hydroxybutyryl-CoA to acetoacetyl-CoA (E0´ = -250 mV [76]) catalysed by an NAD+-dependent 

3-hydroxybutyryl-CoA dehydrogenase [28,77]. However, two electrons are released at a much 

higher redox potential in the first oxidation step of the butyrate pathway, from butyryl-CoA to 

crotonyl-CoA (E0´ = -125 mV / -10 mV [76,78]). This reaction is catalysed by butyryl-CoA 

dehydrogenase that passes the electrons on to electron-transfer flavoproteins (EtfAB). To 

release these electrons as hydrogen or formate, it is assumed that S. wolfei has to sacrifice part 

of the energy that is conserved as ATP in the acetate kinase reaction into a ‘reversed electron 

transport’ [79]. 

To understand how S. wolfei couples the oxidation of butyrate with hydrogen/formate formation, 

the genome sequence has been thoroughly analyzed and annotated [41]. The S. wolfei genome 

encodes five gene clusters for formate dehydrogenases (FDH-1-FDH-5; numbering according to 

Tab. S3 in [41]): two of these (FDH-2 and FDH-4) are predicted to be externally oriented (e. g., 

the catalytic subunit genes encode TAT membrane-translocation pathway signals) and linked to 

the menaquinone cycle via a membrane-bound b-type cytochrome (co-encoded in the same 

gene clusters), whereas the other three (FDH-1, FDH-3, FDH-5) are predicted to be 
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cytoplasmatically oriented and linked to NADH via NADH:quinone oxidoreductases (co-encoded 

in the same gene clusters) [41]. Furthermore, three hydrogenases (HYD-1-HYD-3) were 

predicted [41], one (HYD-2) externally oriented and linked to the menaquinone cycle via a b-type 

cytochrome (co-encoded in the same gene cluster), and one (HYD-1) homologous to the 

electron-confurcating hydrogenase complex in Thermotoga maritima (see [40]); the third 

hydrogenase catalytic subunit (HYD-3) is encoded solitarily in the genome, i.e., is not encoded in 

a gene cluster with electron transfer-component genes. 

Experimental evidence for the involvement of a proton gradient and of ATPase activity in the 

predicted reversed electron transport was obtained with intact cell suspensions [79], and it was 

hypothesized that menaquinone-7 could play an essential role in this reaction [79]. Furthermore, 

we recently enriched a membrane-associated NADH:acceptor oxidoreductase activity from 

butyrate-grown S. wolfei cells which was identified to derive from gene (IMG locus tag) 

Swol_1018 annotated as NADH-binding subunit gene of the HYD-1 hydrogenase complex (see 

above), i.e., located in the Swol_1017-19 gene cluster. Interestingly, the other two components 

of the HYD-1 complex, Swol_1017 and Swol_1019, were co-purified (and co-identified) with the 

NADH:acceptor oxidoreductase activity (Swol_1018) from butyrate-grown S. wolfei. Additionally, 

the catalytic subunit of formate dehydrogenase FDH-1 (see above) was co-purifed with this 

complex (and co-identified), represented by genes Swol_0785-86 (selenocysteine-linked FDH-1 

subunit) [43]. The protein complex was interpreted to likely represent a membrane-associated, 

internally oriented NADH:hydrogenase / formate-dehydrogenase complex that may generate 

hydrogen and/or formate (see [43]). In the same study, we purified the butyryl-CoA 

dehydrogenase (BCD) activity of butyrate-grown S. wolfei, which turned out to be a complex of 

two BCDs (Swol_1933 and _2052) and a predicted membrane-associated FeS-containing 

reductase (cysteine-rich reductase, DUF224) (Swol_0698) which could transfer electrons to the 

membrane-associated NADH:hydrogenase /formate-dehydrogenase complex [43]. 

In the present study, we used differential proteomics to identify all abundant proteins expressed 

specifically during syntrophic growth of S. wolfei with butyrate. Protein extracts (membrane and 

soluble fraction) of syntrophically butyrate-grown and of pure culture crotonate-grown S. wolfei 

cells were compared by denaturing polyacrylamid-gel electrophoresis (1D- and 2D-PAGE), and 

all proteins of interest were excised and identified by peptide fingerprinting-mass spectrometry 

(PF-MS). Furthermore, we used anoxic Blue-Native PAGE and formate dehydrogenase and 

hydrogenase-activity staining, and identified all stained protein bands by PF-MS. The results 

combined with enzyme tests to confirm the function and location of specific formate 

dehydrogenases and hydrogenase activities derived a much more detailed picture of the 

reversed electron transport in syntrophic butyrate oxidation by S. wolfei.  
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RESULTS 

 

Proteins identified by peptide fingerprinting-mass spectrometry in the membrane fraction 

of S. wolfei cells 

Isolated membrane fragments derived from S. wolfei cells grown with butyrate or crotonate were 

solubilized with SDS or dodecylmaltoside and the solubilized proteins separated by 1D-SDS-

PAGE (see Material and Methods). A pattern of more than 20 prominent protein bands was 

obtained when gradient gels were used (Fig. 1AB). Four of these bands were more prominent, 

or observed exclusively, in extracts of butyrate-grown cells (band A1-A4 in Fig. 1A), and 

therefore are suggested to represent butyrate-induced proteins. The other prominent bands 

were visible at similar intensity in both, butyrate- and crotonate-grown cells (B1-B17 in Fig. 1AB), 

and these proteins were considered to be constitutively expressed. The twenty most prominent 

bands were excised (as indicated in Fig. 1AB) and submitted to peptide fingerprinting-mass 

spectrometry (PF-MS) and database-searching (see Material and Methods) against the genome 

sequence of S. wolfei (Tab. 1). A band observed at the start of the SDS-PAGE separation gel 

(band B11 in Fig. 1A) was also excised and submitted to PF-MS. 

The most prominent butyrate-induced protein, band A2 at appr. 110 kDa molecular mass 

(Fig. 1A), yielded a peptide fingerprint that validly identified two genes in the genome of 

S. wolfei, Swol_0800 and Swol_0799, which are annotated to conjointly encode a 

selenocysteine-linked formate dehydrogenase (FDH) catalytic subunit (appr. 26 plus 95 kDa) 

(Tab. 1). These genes were previously attributed by Sieber et al. [41] as candidates for a 

membrane-bound, externally oriented formate dehydrogenase in S. wolfei (FDH-2 according to 

Sieber et al. [41]), since Swol_0800 encodes a predicted twin-arginine translocation (TAT) 

pathway signal (reliability score: 0.95) for active translocation of the folded protein across the 

cytoplasmic membrane. Co-encoded in the gene cluster Swol_0799-0800 in S. wolfei is also a 

membrane-bound iron-sulfur subunit (30 kDa) candidate gene (Swol_0798) and a membrane-

bound cytochrome b (26 kDa) candidate gene (Swol_0797) [41]. The FDH iron-sulfur subunit 

gene (Swol_0798) was validly identified by the peptide fingerprint obtained from a second 

prominent, butyrate-induced, membrane protein band, band A4 (at appr. 30 kDa in Fig. 1A; 

Tab. 1). The gene for cytochrome (Swol_0797) however, was not matched by any band excised 

in the appropriate molecular mass range (20-30 kDa; e. g., not by bands B12-B17 in Fig. 1B), 

but was attributed by the fingerprint of band B11 (Fig. 1A) that contained all proteins not well 

mobilized during SDS-PAGE (see Tab. 1). However, the identity and strong expression of the 

FDH-2 complex (Swol_0798-800) exclusively in the membrane of butyrate-grown S. wolfei cells 
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was confirmed in comparison to crotonate-grown cells when the native complex was solubilized 

using dodecylmaltoside, and separated by Blue-Native PAGE from the solubilized ATP synthase 

complex (see below), followed by second-dimension denaturing SDS-PAGE and identification of 

the same two subunits by PF-MS (see Supporting information, Fig. S1). Finally, the third 

prominent butyrate-induced membrane protein, band A3 (Fig. 1), was attributed to a gene 

annotated to encode an ABC-transport permease for the uptake of tungstate (Swol_1630; 

Tab. 1). The fourth butyrate-induced protein, band A1, was attributed to a ‘conserved 

hypothetical gene’ (Swol_0143; Tab. 1), e. g., in Clostridium species, that could encode a cell-

adhesion and/or sugar-binding protein. Interestingly, this protein was not observed on gels when 

dodecylmaltoside instead of SDS was used to solubilize the membranes (see Fig. S2 in the 

Supporting information). 

Among the constitutively expressed membrane proteins identified (bands B1-B17 in Fig. 1AB 

and Tab. 1), the fingerprint of band B7 identified Swol_0698, which encodes a membrane-bound 

FeS-oxidoreductase protein, but band B7 was observed at lower molecular mass (appr. 35 kDa 

in Fig. 1) than predicted by the Swol_0698 gene sequence (appr. 81 kDa, Tab. 1). The same 

observation was made previously when this gene was identified for the first time to be expressed 

in S. wolfei during syntrophic butyrate oxidation [43]. The membrane-bound FeS-containing 

oxidoreductase Swol_0698 in conjunction with EtfAB is presumed to link the electron flow from 

butyryl-CoA dehydrogenase to the membrane [41,43] and the Swol_0698 gene is clustered with 

EtfB and EtfA genes (Swol_0696-97 [41,43]) whose co-expression was confirmed also in this 

study (see below).  

Seven of the other bands of constitutively expressed membrane proteins identified were 

attributed to the proton- or sodium-driven ATP synthase complex (B3, B4, B9 in Fig. 1A; B12-15 

in Fig. 1B) that is encoded by a single ATP synthase gene cluster in the S. wolfei genome [41] 

(Swol_2381-2388, see Tab. 1). Moreover, three substrate-binding component genes of ABC-

transport systems were identified (band B5, Swol_2556; band B6, Swol_0405; band B10, 

Swol_0423) in addition to the one already identified (see above, band A4, Swol_2432), and a 

substrate-binding protein of a TRAP-type transport system (band B10, Swol_0331). Hypothetical 

genes were attributed to band B1 (Swol_1161; putative membrane-integral protein gene, 

UPF0182), band B8 (Swol_0413; ‘conserved hypothetical lipoprotein’, e. g. in Clostridium 

species), and to the minor bands B16 and B17 (see Tab. 1). The peptide fingerprint of band B11, 

i.e. all membrane proteins that were not well mobilised during SDS-PAGE, were attributed (see 

Tab. 1) to Swol_1425 for a protein-export SecD-family membrane protein and to Swol_0091 for 

a formate/nitrite-transporter (FNT) family protein, each with a score >100; weaker matches 
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(score <100) were obtained to the gene for the membrane-bound FeS-containing 

oxidoreductase (see above, Swol_0698), to the membrane-bound cytochrome subunit gene (see 

above, Swol_0797), and to the selenocysteine-linked formate dehydrogenase catalytic subunit 

(see above, Swol_0800-799) (Tab. 1).  

Notably, the most abundant protein observed in the membrane fraction of both, butyrate- and 

crotonate-grown S. wolfei cells, was represented by band B2 (see Fig. 1A), which identified yet 

another ‘conserved hypothetical protein’ gene, Swol_0133 (Tab. 1), that is widespread within the 

phylum Firmicutes. Interestingly, this protein (Swol_0133) was not observed on gels when 

dodecylmaltoside instead of SDS was used to solubilize the membranes (see Fig. S2 in the 

Supporting Information). No valid predictions of protein-secretion signals and/or transmembrane 

helices were obtained for Swol_0133, however, valid predictions of SEC-secretion signals were 

obtained if the orthologous genes were analyzed (not shown). Furthermore, no conserved 

domain could be detected in Swol_0133 other than an N-terminal domain of certain outer-

membrane copper amine oxidases, cell-wall hydrolases, and amidases (IPR012854), but at the 

C-terminal end of the Swol_0133 sequence (10% alignment length). However, the Swol_0133 

sequence showed weak homology (27% identity) to surface-layer (S-layer) glycoproteins, e. g., 

to the SatA precursor of Aneurinibacillus thermoaerophilus (AAS44591 [80]) (see Discussion). 

 



Syntrophic butyrate oxidation in Syntrophomonas wolfei  43 

 



Syntrophic butyrate oxidation in Syntrophomonas wolfei  44 

Fig. 1. Representative SDS-PAGE gels of solubilised membrane proteins of butyrate- or 

crotonate-grown S. wolfei cells. The protein banding pattern in the high (A) and low (B) 

molecular mass range, and the labelling of the 21 discrete protein bands (bands A1-A4, and B1-

B17) that were excised and identified by PF-MS (see Tab. 1), is shown. Washed membranes of 

S. wolfei were solubilised and separated using gradient gels (see text). Four bands were visible 

solely if butyrate-grown S. wolfei was analyzed (bands A1-A4), whereas 17 bands were visible 

for both, butyrate- and crotonate-grown S. wolfei (bands B1-B17). Legend: But and Crot, 

membrane proteins from butyrate- and crotonate-grown S. wolfei cells, respectively, with 100 µg 

(A, left), 50 µg (B, right), or 200 µg (B) total protein loaded; M1 and M2, two different 

preparations of molecular mass-marker proteins were used for comparison (M1 = Roti-Mark  

10-150; M2 = BioRad Low-Range).  

 

 

Tab. 1. Identifications obtained by peptide fingerprinting-mass spectrometry for all abundant 

solubilised membrane proteins of S. wolfei separated by SDS-PAGE (see Fig. 1AB), assorted 

into groups of protein bands that, (A) were observed specifically for syntrophically butyrate-

grown S. wolfei, and (B) protein bands that were observed for both, S. wolfei grown with butyrate 

and crotonate.  

a apparent mass of the protein on 1D-SDS-PAGE.  
b signal for (pre)protein secretion via Sec-dependent (SEC) or TAT-translocation (TAT) pathway 

predicted by SignalP and PRED-TAT (probab. >0.6).  
c transmembrane helix /helices predicted using TMHMM 2.0 and PRED-TAT (probab. >0.6). 
d score and sequence coverage of the peptide fingerprint match as indicated by the MASCOT-

search engine.  
e protein bands were only observed if the membranes were solubilised with SDS, but not when 

dodecylmaltosid was used (see text).  
f predictions <0.6 probability for secretion-signals or transmembrane helices, however the 

ortholog proteins in the databases exhibit valid prediction(s).  
g discrepancy between observed and predicted molecular mass is attributed to a loss of the 

membrane anchor of the proteins (see text). 
h not applicable; the PF-MS derived of a protein band that was retained at the start of the 

separation gel (see Fig. 1). 
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Proteins identified by peptide fingerprinting-mass spectrometry in the soluble fraction of 

S. wolfei cells 

Proteins in the soluble fraction of butyrate- and crotonate-grown cells were separated by 2D-

PAGE, firstly, in the pH-range 3-10 for isoelectric focussing (not shown) and secondly, in the pH-

range 5-8 (Fig. 2). A total of 54 spots (including replicates) were excised and identified by PF-

MS, and sorted (Tab. 2) into proteins that appeared either exclusively in extracts of butyrate-

grown cells (spots D1-D5), in both extracts (spots E1-E18; excised from the butyrate-gel), or 

exclusively in extracts of crotonate-grown cells (spots C1-C15). 

Surprisingly, only few and only minor protein spots were observed exclusively in extracts of 

butyrate-grown S. wolfei cells (Fig. 2A and 2B). The minor spot D5 validly identified Swol_2452, 

predicted to encode a zinc-containing carboanhydrase-like protein (COG0288). Spot D1 mapped 

Swol_2054, a ‘conserved hypothetical gene’, e. g. in Clostridium species, with putative domains 

for hydrolase activity (zinc-containing beta-lactamase fold, IPR001279), NADH-binding 

(IPR001327), FMN-binding (IPR008254), and rubredoxin-type iron binding (IPR004039). For the 

gel shown in Fig. 2A, spots D2, D3 and D4 were inferred to result from protein degradation 

(e. g., by proteases), since they attributed a gene for a larger, constitutively expressed protein 

(spot E2, see below) and therefore were not listed in Tab. 2.  

Most of the constitutively expressed soluble proteins in S. wolfei were attributed to genes for the 

butyrate oxidation pathway. The entry into the pathway, butyryl-CoA formation, was represented 

by protein spot E11 (Fig. 2AB) that identified Swol_1932, an acyl-CoA transferase/hydrolase 

gene (Tab. 2). Gene Swol_1932 clustered with other genes for short-chain acyl-CoA degradation 

(Swol_1933-36). The next gene in the cluster, Swol_1933, encoding the second enzyme in the 

pathway, butyryl-CoA dehydrogenase, was identified by a very prominent protein spot (E2 in 

Fig. 2AB). Swol_1933 had previously been identified to encode one of two butyryl-CoA 

dehydrogenases expressed in S. wolfei [43], and the second previously identified butyryl-CoA 

dehydrogenase, Swol_2052 [43], was matched by spot E4 (Fig. 2AB, Tab. 2). 

For transfer of electrons from butyryl-CoA oxidation, two prominent spots, E17 and E13 

(Fig. 2AB), attributed the two previously identified genes [43] for electron-transfer flavoproteins 

EtfA and EtfB, Swol_0697 and Swol_0696, respectively (Tab. 2). Notably, three sets of genes for 

EtfAB are encoded in the genome of S. wolfei [41,43], however, the two identified ones are 

clustered with the expressed gene Swol_0698 (see above) for membrane-bound FeS-containing 

oxidoreductase protein (DUF224) that is attributed to act as EtfAB:quinone oxidoreductase (see 

Discussion). The crotonyl-CoA hydratase gene Swol_1936 in the gene cluster Swol_1933-36 

was identified by the prominent spot E14 (Fig. 2AB), and the NAD-dependent 3-hydroxybutyryl-
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CoA dehydrogenase gene Swol_1935 by two prominent protein spots, E18 and E16 (Fig. 2AB). 

The previously identified NADH dehydrogenase (NDH) subunit encoded by Swol_1018 [43] was 

represented by spot E5, and is inferred to receive electrons via NADH from the 3-hydroxybutyryl-

CoA dehydrogenase for further transfer to the hydrogenase /formate dehydrogenase subunits 

(see Discussion).  

 

 

 

Fig. 2. Representative two-dimensional IEF/SDS-PAGE gels of soluble proteins of butyrate- or 

crotonate-grown S. wolfei cells. All major protein spots on the gel from butyrate-grown cells (A), 

and the proteins spots that appeared to be differentially expressed in crotonate-grown cells (B), 

were excised and identified by PF-MS (see Tab. 2). 
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For beta-keto thiolysis of acetoacetyl-CoA, several protein spots mapped the same thiolase 

(acetyl-CoA acetyltransferase) gene, Swol_1934 in the Swol_1933-36 gene cluster, the major 

protein spots E8-E10 with identical molecular mass (appr. 45 kDa) but different isoelectric points 

(appr. pI 6.5-7 in Fig. 2), which is inferred to result from post-translational modifications of the 

proteins (e. g., decarboxylation, deamination). Swol_1934 encodes for a protein with predicted 

molecular mass of 41,283 kDa and isoelectric point (pI) of pH 6.0 (Tab. 2). The sixth reaction 

step, from acetyl-CoA to acetyl phosphate, was represented by spot E12 (Fig. 2AB) which 

mapped a phosphotransacetylase gene, Swol_0767 (Tab. 2). The next gene in the genome, 

Swol_0768, encodes the last step in butyrate oxidation, the formation of ATP from 

acetylphosphate, and was represented by two prominent spots, E6 and E7, at the same 

molecular weight (appr. 45 kDa) but different pI (Fig. 2AB); also Swol_0768 had previously been 

identified to be expressed in S. wolfei [43]. Finally, spots E1 and E3 attributed ATP-synthase 

subunit genes (see above) and spot E15 a gene for vitamin B6 biosynthesis (Tab. 2). 

The prominent spots that appeared exclusively in extracts of crotonate-grown cells, i.e., the 

crotonate-inducible proteins, were also excised and submitted to PF-MS. One set of spots that 

appeared uniquely on gels of crotonate-grown cells, C2-C4 at around 60 kDa molecular mass 

(Fig. 2B and 2A), validly identified two different [FeFe] hydrogenase catalytic subunit genes 

(Tab. 2). Spot C2 and C3 identified Swol_1017, which we previously identified [43] to contribute 

one component to a membrane-associated, internally oriented NADH:hydrogenase/formate-

dehydrogenase complex in butyrate-grown S. wolfei (see Discussion) (HYD-1 according to [41]). 

However, spot C4 (as well as peptides of spot C3) identified Swol_2436, which is predicted to 

encode yet another [FeFe] hydrogenase large subunit (HYD-3 according to [41]); the two genes, 

the previously identified Swol_1017 and the newly identified Swol_2436, share 68% sequence 

identity at the amino acid level. Notably, spot C4 seemed to be more prominent than spot C2; 

thus, it can be inferred that in the crotonate-grown cells that we analyzed, most of the catalytic 

component of a soluble hydrogenase complex was expressed from gene Swol_2436 rather than 

from Swol_1017. 

Other prominent protein spots visible uniquely on gels from crotonate-grown cells, spot C5 and 

C14, identified Swol_0436 and the next gene in the genome, Swol_0435, annotated as acetyl-

CoA hydrolase /transferase and 3-hydroxybutyryl-CoA dehydrogenase, respectively. Hence, 

during growth with crotonate, both genes seemed to be expressed in addition to the readily 

identified, iso-functional, and constitutively expressed genes Swol_1932 and Swol_1935 (see 

above). Similarly, spot C7 identified Swol_2126 for another short-chain specific acyl-CoA 
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dehydrogenase, spot C15 identified Swol_2030 for another 3-hydroxyacyl-CoA dehydrogenase, 

and spot C10 identified Swol_0675 for another acetyl-CoA acetyltransferase. 

Surprisingly, for the crotonate-inducible spots C8, C9, C12 and C13, we were not able to validly 

match the obtained peptide fingerprints to any predicted gene in the annotated S. wolfei genome 

sequence in several attempts, and not when searching against the nucleotide sequence (six 

frames) of S. wolfei, or against the NCBI GenBank; hence, their identity and origin remain 

unclear. Finally, spot C11 identified Swol_0459 predicted to encode a hypothetical protein 

containing a PRC-barrel domain (IPR007903), spot C6 identified Swol_0412 as predicted 

[4Fe4S]-subunit gene of 2-hydroxyacyl-CoA dehydratase /benzoyl-CoA reductases, and spot C1 

identified a predicted translation-elongation factor gene (see Tab. 2). 

 

Proteins identified by formate dehydrogenase and hydrogenase-activity staining and 

peptide fingerprinting-mass spectrometry 

The results described above were confirmed, and expanded upon, when we established anoxic 

Blue-Native PAGE and activity staining of protein bands (see Material and methods) in order to 

separate and identify formate dehydrogenase and hydrogenase activities in the soluble and 

membrane fractions of butyrate- and crotonate-grown S. wolfei cells (Fig. 3; for details, see Tab. 

S1 and S2, and Fig. S3-S7 in the Supporting information).  

Most importantly, formate dehydrogenase activity could be detected only in butyrate-grown cells, 

but not in crotonate-grown cells: as illustrated in Fig. 3, PF-MS of a stained, very prominent band 

that indicated a membrane-associated formate dehydrogenase in butyrate-grown cells re-

identified Swol_0800-799, hence, the FDH-2 catalytic subunit (see above) (see also Fig. S3 and 

Tab. S1). For the experiment shown in Fig. 3, PF-MS of a band that indicated another formate 

dehydrogenase activity in the soluble fraction of butyrate-grown cells (Fig. 3; see also Fig. S4 

and Tab. S1) identified yet another FDH catalytic subunit, Swol_1028 (Fig. 3; see also Tab. S1), 

of the FDH-3 complex [41]. Interestingly, in an independent experiment with crude extract 

prepared from a different batch of butyrate-grown S. wolfei cells (see Fig. S7 and Tab. S2), the 

stained band attributed the previously identified  FDH-1 catalytic subunit genes, Swol_0785-86 

(selenocysteine-linked FDH-1 subunit) [43] as well as the previously identified HYD-1 

hydrogenase catalytic subunit, Swol_1017 [43]. 

In contrast, hydrogenase activities were detectable in both, butyrate- and crotonate-grown cells, 

and in both, membrane and soluble fractions, respectively (Fig. 3 and Figs. S5-S6): PF-MS of 

the strongly stained, prominent bands that indicated soluble hydrogenase in crotonate-grown 
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cells each reidentified Swol_1017, i.e., the HYD-1 catalytic subunit (see above) (Tab. S1). On 

the other hand, PF-MS of a faint band that indicated a membrane-associated hydrogenase 

activity in butyrate-grown cells identified again Swol_0800-799, hence, the FDH-2 catalytic 

subunit. Furthermore, a broad but weakly stained band indicative of a membrane-associated 

hydrogenase activity in crotonate-grown cells (see Fig. 3) attributed yet another hydrogenase 

catalytic subunit, Swol_1925 (Fig. 3, Fig. S5 and Tab. S1) of the HYD-2 complex [41]. Finally, 

PF-MS of a band that indicated a soluble hydrogenase activity in butyrate-grown cells delivered 

no valid identification of a hydrogenase (or formate dehydrogenase) catalytic subunit gene 

(Fig. 3, Fig. S6 and Tab. S1); interestingly, the only protein with (predicted) 

oxidoreductase/electron carrier activity that could be identified for this band was ‘putative 

flavoprotein’ Swol_2054, i.e., the butyrate-inducible, soluble protein that was identified with spot 

D1 (see Fig. 2A and Tab. 2) and that contains conserved domains for zinc-binding, NADH-

binding, FMN-binding, and rubredoxin-type iron binding (see above).  
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Fig. 3. Blue-Native PAGE gel strips after formate dehydrogenase or hydrogenase activity 

staining. Soluble or membrane proteins of butyrate- or crotonate-grown S. wolfei were separated 

by Blue-Native PAGE under anoxic conditions, and the individual lanes excised from the gels 

and submitted to formate dehydrogenase or hydrogenase activity staining when using formate or 

hydrogen gas as the electron donor, respectively, and the electron acceptor benzyl viologen as 

the stain. Stained bands were excised and analyzed by PF-MS in order to identify the 

corresponding formate dehydrogenase or hydrogenase catalytic subunits. The figure illustrates 

the endpoint of the staining and the formate dehydrogenase or hydrogenase catalytic subunits 

identified (locus tags and numbering of the catalytic subunits according to [41]); for images 

showing the time course of the staining, and for details on the PF-MS identifications, see 

Fig. S3-S6 and Tab. S1 in the Supporting information, respectively. Legend: But and Crot, 

soluble or membrane proteins from butyrate- and crotonate-grown S. wolfei cells.  
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Activity and localization of formate dehydrogenases and hydrogenases in intact cells and 

cell extracts  

The results documented above were examined by measurement of formate dehydrogenase and 

hydrogenase activities detectable in suspensions of intact cells and in cell extracts, when 

assayed in reverse as benzyl viologen (or NAD+) reducing activity (Tab. 3).  

Intact cells of syntrophically butyrate-grown cells exhibited a very high benzyl viologen (BV)-

dependent formate dehydrogenase activity (but not with NAD+), whereas no significant activity 

was detectable with crotonate-grown cells (Tab. 3). Hence, the active centre of this formate 

dehydrogenase must be oriented externally to the cytoplasmic membrane, since the cytoplasmic 

membrane is not permeable to BV [81]. Disruption of cells and of cytoplasmic membranes 

through French-Press treatment decreased the BV-reducing formate dehydrogenase activity by 

nearly 50% (see Tab. 3, crude extract), and the remaining activity was mainly associated to the 

membrane (Tab. 3, soluble fraction). However, the cell extract exhibited also significant NAD+-

reducing formate dehydrogenase activity (Tab. 3, crude extract), and this activity was localized 

predominantly in the cytoplasmic fraction (Tab. 3, soluble fraction). Notably, none of these 

formate dehydrogenase activities was detectable in crotonate-grown cells at significant levels. 

Suspensions of intact butyrate-grown cells exhibited also BV-dependent hydrogenase activity, 

but this activity was much higher in crotonate-grown cells (Tab. 3). This hydrogenase activity 

was nearly exclusively membrane-associated and showed very little activity with NAD+ as 

electron acceptor. However, a major NAD+-dependent hydrogenase activity was found in the 

cytoplasmic fraction of crotonate-grown cells, as well as in the cytoplasmic fraction of butyrate-

grown cells (Tab. 3).  

Finally, suspensions of intact, butyrate-grown cells exhibited significant BV-reducing activity also 

in the absence of formate or hydrogen as electron donor (Tab. 4), and this endogenous activity 

was strongly inhibited by addition of the protonophore CCCP, hence, was suggested to be linked 

to a functional proton gradient in intact cells. Importantly, when the BV-reducing activity had 

been stimulated by addition of formate or hydrogen as electron donor, also the BV-reducing 

formate dehydrogenase activity was strongly inhibited by CCCP whereas the BV-reducing 

hydrogenase activity was inhibited to a lesser extent (Tab. 4). 
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Tab. 3. Formate dehydrogenase and hydrogenase activities detectable in intact cell suspension, 

in crude extract, and in soluble fraction of butyrate and crotonate-grown cells of S. wolfei.  

a activities in the supernatant of cell suspensions were determined in order to confirm that the 

cells had remained intact. b specific activities refer to protein concentration of crude extract. 

n. d., not determined. BV, benzyl viologen 

Enzyme activity  Formate dehydrogenase (mU/g proteinb) Hydrogenase (mU/mg proteinb) 

Growth substrate Butyrate  Crotonate Butyrate  Crotonate 

Electron acceptor BV NAD+ BV BV NAD+ BV 

Cell suspension  894.4 ± 149.6  13.3 ± 1.4  2.2 ± 0.1 205.5 ± 70.7  2.6 ± 0.9  703.2 ± 189.7 

Cell-free supernatanta 60.6 ± 18.3 n. d. 0.2 ± 0.3 29.5 ± 2.5 n. d. 37.4 ± 8.3  

Crude extract 484.2 ± 283.9 54.8 ± 26.0 2.0 ± 0.9 720.5 ± 123.4 0.7 ± 0.1 842.9 ± 136.2 

Soluble fraction 129.5 ± 29.8 127.7 ± 16.4 n. d. 32.1 ± 11.6 2.0 ± 0.3 n. d. 

 

 

Tab. 4. Inhibition of benzyl viologen-reducing activities detectable in intact cell suspensions of 

butyrate-grown S. wolfei after the addition of protonophore CCCP (see also text). 

a endogenous BV-reducing activity of whole cells in the absence of formate or hydrogen as 

external electron donor. BV, benzyl viologen. 

Enzyme activity (mU/mg protein) No CCCP With CCCP Relative inhibition (%) 

BV-reducing activitya 225.6 ± 48.8 49.2 ± 3.1 78 

Formate-dependent BV-reducing activity 973.0 ± 112.7 438.3 ± 39.9 55 

Hydrogen-dependent BV-reducing activity 246.9 ± 45.5 172.6 ± 80.3 30 
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DISCUSSION 

 

Resolving the mystery of how Syntrophomonas wolfei couples fermentation of butyrate to 

acetate with hydrogen/formate formation, which is energetically unfavourable, is a particularly 

difficult challenge [82]. A very essential step forward was the sequencing and thorough 

annotation of the genome of S. wolfei [41]. Another recent and important step was the 

purification and identification of specific enzymes of S. wolfei, e. g., an NADH:acceptor 

oxidoreductase activity and butyryl-CoA dehydrogenase activity [43]. In the present study, all 

proteins in S. wolfei that are highly expressed during syntrophic growth with butyrate were 

compared by protein gel electrophoresis with those expressed during pure culture growth with 

crotonate, and identified by peptide fingerprinting-mass spectrometry (PF-MS). The rationale for 

our gel-based proteomic approach was that all highly abundant proteins visible on gels can be 

considered to be important for some aspects of cellular function, especially in an organism such 

as S. wolfei that grows under such a difficult energetic condition and therefore has to economize 

its energy consumption, e. g., in protein synthesis. Furthermore, our gel-based proteomic 

approach allowed to evaluate not only the relative abundance of proteins (by their band 

intensities), but also the PF-MS identifications obtained when comparing the observed molecular 

masses of the proteins (and their isoelectric points in case of 2D-gels) with the predicted 

molecular masses (and pI) derived of the respective attributed gene sequences. The results 

obtained (Figs. 1AB, 2AB, S1, S2 and Tab. 1 and 2) in combination with results from Blue-Native 

PAGE and activity staining (Figs. 3, S3-S7 and Tab. S1 and S2) and enzyme measurements in 

intact cells and cell extracts (Tab. 3 and 4) allow to derive a first evidence-based concept of the 

electron flow and energy economy for this unusual type of metabolism operating close to the 

minimum energy yield for microbial growth (Fig. 4). 

According to the reaction schema depicted in Fig. 4, butyrate is activated by a CoA-transferase 

exchanging with acetyl-CoA to form butyryl-CoA. Beta-oxidation proceeds via crotonyl-CoA, 3-

hydroxybutyryl-CoA, and acetoacetyl-CoA, to form two acetyl-CoA, one of which exchanges CoA 

with butyrate, and the other one yields one ATP via the phosphotransacetylase and acetate 

kinase reactions [77]. Proteins representative for all these reaction steps could be identified in 

the soluble protein fraction (Fig. 2A, Tab. 2), with butyryl-CoA dehydrogenase (BCD) (spot E2 in 

Fig. 2A), 3-hydroxybutyryl-CoA dehydrogenase (spot E18), and acetyl-CoA acetyltransferase 

(spots E8-10) being among the most abundant proteins detectable in the soluble fraction. These 

proteins were expressed from a single gene cluster for short-chain acyl-CoA degradation, the 

previously identified Swol_1932-36 gene cluster [43]. 
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Fig. 4. Schematic representation of the proteins identified in syntrophically butyrate-

grown S. wolfei cells. The illustration includes the proteins attributed to butyrate oxidation, 
electron flow, formate or hydrogen formation, ATP conversion, and cell-wall structure as 
identified in the present and in our previous study [43], and their attributed location in S. wolfei 

cells. Proteins colorized in green were identified in the soluble fraction, and proteins colorized in 
blue in the membrane fraction, of syntrophically butyrate-grown S. wolfei cells. Dashed arrows 
indicate the flow of electrons. Legend: FDH, formate dehydrogenase; HYD, hydrogenase; BCD, 
butyryl-CoA dehydrogenase; EtfA and EtfB, electron transport flavoproteins A and B; DUF224, 
membrane-bound FeS-containing oxidoreductase; CYT, membrane-bound cytochrome; Q, 
quinone; HBDH, 3-hydroxybutyryl-CoA dehydrogenase; NDH, NADH dehydrogenase; SLP, 
surface-layer (S-layer) protein; CWG, cell-wall glycopolymers; SL, surface layer; PG, peptide-
glycane; PLS, periplasma-like space; CM, cytoplasmic membrane; CPS, cytoplasmic space.  
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Notably, the same gene cluster was obviously expressed during pure culture growth of S. wolfei 

with crotonate, however, it appeared that also several iso-enzymes were expressed in these 

cells (discussed further below). 

In the 3-hydroxybutyryl-CoA dehydrogenase reaction, electrons are transferred to NAD+ to form 

NADH. The NADH can then be used to reduce either protons to molecular hydrogen, or CO2 to 

formate (Fig. 4). The redox potential of the 3-hydroxybutyryl-CoA dehydrogenase reaction (-250 

mV) is sufficiently low to allow the release of these electrons via NADH to hydrogen at 10-4- 

10-5 atm, corresponding to the conditions measured in fatty acid-oxidizing cocultures or in 

methanogenic bioreactors [20]. In analogy, CO2 reduction to formate under our cultivation 

conditions, i.e., with a background CO2 concentration of 10-1 atm, would require to maintain 

formate concentrations in the range of 1-10 µM. The expression of the protein complex that was 

identified and interpreted previously to likely represent a membrane-associated, internally 

oriented NADH:hydrogenase/formate-dehydrogenase complex [43] (NDH/HYD-1/FDH-1 

complex, see Fig. 4) could be confirmed in this study, but the parent proteomic analysis yielded 

a more refined picture with regard to the abundance of the individual components of the 

complex. The NADH:acceptor oxidoreductase (NDH) component (Swol_1018) was always 

present as a prominent protein spot visible at about the same intensity in the soluble fractions of 

both, butyrate- and crotonate-grown cells (spot E2, Fig. 2A and 2B). On the other hand, the 

HYD-1 catalytic component (Swol_1017) and the FDH-1 catalytic component (Swol_0785-86, 

selenocysteine-linked) could never be detected among the highly abundant proteins in the 

soluble or membrane fraction of butyrate-grown cells (in contrast to crotonate-grown cells, where 

the HYD-1 component was always highly abundant [spots C2-C4 in Fig. 2B]). Nevertheless, the 

latter two components, HYD-1 and FDH-1, could be co-identified in butyrate-grown cells when 

we used activity staining with high sensitivity to detect the catalytic subunits after separation by 

Blue-Native PAGE (Fig. S7 and Tab. S2; band CE3). Hence, the HYD-1 and FDH-1 components 

in butyrate-grown cells are likely expressed only at basal levels in butyrate-grown cells, and thus 

are not visible as bands on gels unless co-purified with the NADH:acceptor oxidoreductase 

activity (see [43]). Furthermore, it appeared that, depending on the batch of S. wolfei cells used, 

the FDH-1 component could be replaced by the FDH-3 catalytic component as illustrated for the 

batch of cells used for the experiment shown in Fig. 3 (and in Fig. S4 of the Supporting 

information); here, the activity staining and PF-MS identified the FDH-3 subunit Swol_1028 

instead of the selenocystein-linked FDH-1 subunit Swol_0785-86 (Tab. S1 and S2). 

The electrons released in the butyryl-CoA dehydrogenase reaction (E0’ = -125 mV, [76];  

E0’ = -10 mV, [78]) are transferred via a flavin-containing electron transfer component EtfAB to 
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the electron carrier protein DUF224 which is anchored in the cytoplasmic membrane (Fig. 4). 

The EtfAB proteins were among the most abundant proteins detectable in the soluble fraction 

(spots E13, E17 in Fig. 2AB), and the DUF224 protein was abundant in the membrane fraction 

(band A7 in Fig. 1A), both after growth with either butyrate or crotonate; the coding genes are 

co-expressed from a single gene cluster (Swol_0996-98) attributed previously [43]. The DUF224 

is anticipated to contain a menaquinone-binding site to transfer electrons to menaquinone  

(E0’ = -74 mV) [41] and the presence of menaquinone in S. wolfei has been documented earlier 

[79]. Hence, the four proteins likely constitute a membrane-associated BCD/EtfAB/DUF224 

complex which transfers electrons from the crotonyl-CoA/butyryl-CoA redox couple into the 

menaquinone pool of the membrane (Fig. 4). Notably, the EtfAB expressed in S. wolfei seems to 

be more closely related to the group I (‘aerobic’-type) of EtfABs than to the group II (‘anaerobic’ 

or ‘bifurcating’-type) of EtfABs [83] (see the phylogenetic tree in the Supporting information, 

Fig. S8). 

From the menaquinone cycle, electrons can be transported through a membrane-bound 

cytochrome (CYT in Fig. 4) that couples via a 4Fe4S-containing electron carrier (FDH-2-FeS) 

directly to an externally oriented formate dehydrogenase (FDH-2). The FDH-2 enzyme complex 

was consistently found to be expressed at very high levels only in syntrophically butyrate-grown 

cells but not in crotonate-grown cells (Figs. 1, 3, S1, S2 and Tab. 1, 3 and S1), and would use 

the electrons from butyryl-CoA oxidation for CO2 reduction to formate. Thus, formate would be 

the preferential electron carrier in syntrophic butyrate oxidation by S. wolfei. Formate as an 

alternative electron carrier in syntrophic butyrate oxidation has been discussed since long 

[20,82] because the partner organisms coupling with S. wolfei can use both, hydrogen and 

formate, as electron donors. Alternatively, formate could pass the cytoplasmic membrane via the 

identified formate transporter (Swol_0091 in Fig. 4 [84]) and could be exchanged into hydrogen 

as electron carrier at the hydrogenase /formate dehydrogenase (HYD-1/FDH-1) complex. Thus, 

S. wolfei can use either formate or hydrogen as electron carrier to the methanogenic partner, 

and may even use both simultaneously, just depending on the concentrations of the respective 

carriers outside of the cell. Interspecies electron transfer via formate appears to play an 

essential role also in syntrophic propionate oxidation by Syntrophobacter fumaroxidans [85], 

together with interspecies hydrogen transfer. In this bacterium, also an Rnf complex (i. e., a 

proton-translocating ferredoxin:NAD+ oxidoreductase) appears to contribute significantly to 

energy conservation [85], and a Rnf complex was also found in Syntrophus aciditrophicus and 

may serve an important function in fatty acid oxidation also in this bacterium [33,73]. However, in 

S. wolfei, an Rnf complex is missing and there is no oxidation step involved in butyrate oxidation 

that can be coupled directly to ferredoxin reduction [41,43]. 
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Formate production outside of the cell with protons pumped actively from the inside to the 

outside of the cell, is an elegant strategy to bridge the redox potential difference between the 

butyryl-CoA dehydrogenase reaction and formate formation. Through the reaction chain 

described, protons are released on the inside of the cell, at the latest in the reaction of 

menaquinol with the cytochrome, however, the consumption of protons outside of the cell during 

formate formation is enforced through the proton potential across the membrane. If we assume a 

proton-motive force across the cytoplasmatic membrane in a similar range as in other bacteria, 

i.e., about -180 mV, this potential could easily drive extracellular formate formation, bridging the 

redox potential difference between -74 mV and -250 to -300 mV. Whether the menaquinone 

cycle would also be driven by this proton potential is so far still open. However, our experiments 

with intact cells (Tab. 4) and earlier results [79] with and without the protonophore CCCP, 

strongly support the notion that a proton potential across the cytoplasmatic membrane is 

essential in the overall process. The proton potential would be maintained by ATP hydrolysis 

through the F1F0 ATPase (Fig. 4); notably, the ATPase of S. wolfei most likely pumps protons 

rather than sodium ions based on the amino-acid sequence of its c-subunit [86] (see sequence 

alignment in the Supporting information, Fig. S9), however, this cannot be predicted 

unambiguously by sequence comparison alone [87]. 

In summary, the suggested model of reversed electron transport is a reversal of the concept of 

electron transport phosphorylation assumed to fuel the energy metabolism of Wolinella 

succinogenes [88,89], which has previously been suggested to drive also the endergonic 

oxidation of succinate during syntrophic oxidation of propionate in Syntrophobacter 

fumaroxidans [85,90]. With this, the overall energy balance of S. wolfei could be closed as 

follows: if the ATPase transports three protons per ATP across the membrane, the elevated 

proton concentration outside of the cell in comparison to inside could be sufficient to allow CO2 

reduction with two protons and the two electrons from butyryl-CoA oxidation, and the equivalent 

of one proton, i.e., one-third of an ATP equivalent or roughly -20 kJ per mol butyrate oxidized, 

would remain to drive all biosynthetic processes for cellular biomass formation. This energy 

value had been calculated to be available to syntrophic butyrate oxidizers in natural or close-to-

nature conditions [20] and is close to the minimum amount of energy needed for microbial life at 

all. If the stoichiometry of the ATPase is four rather than three protons per ATP hydrolysed, the 

overall energetics are shifted slightly to the better towards a higher remnant energy yield for 

growth. 

Interestingly, the most abundant protein detectable. in the membrane fraction of S. wolfei cells 

grown with either butyrate or crotonate, was represented by ‘hypothetical outer-membrane 
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protein’ Swol_0133, which we predict to represent a surface-layer (S-layer) protein (Fig. 4).  

S-layer (glyco)proteins can make up 10-20% of the total cellular protein (see band B2 in Figs. 1A 

and S2), exhibit low sequence homology (Swol_0133 shows only 27% sequence identity to 

characterized S-layer glycoproteins, e. g., to SatA of Aneurinibacillus thermoaerophilus), and 

form a regularly ordered, planar array of subunits yielding a complete shielding of the bacterial 

cell, thereby generating a functional equivalent to the periplasm of Gram-negative bacteria 

[80,91-93]. Importantly, for S. wolfei that phylogenetically belongs to the phylum Firmicutes 

[41,94], such a multi-layered cell wall including a ‘periplasm-like structure’ has been observed 

previously [95]. Furthermore, the cell wall of other Firmicutes, e. g., of Bacillus subtilis and 

Staphylococcus aureus, has been shown to act like a cation exchanger that retains protons from 

the respiratory metabolism within the cell wall, e. g., bound to glycopolymers ([96-98]), and one 

of the biological functions discussed also for the S-layer is binding of protons in order to maintain 

an acidic cell wall [99] due to its weakly acidic nature at neutral pH (the pI predicted for 

Swol_0133 is pH 4.7). We therefore suggest that the cell wall of S. wolfei and the 

macromolecules contained therein (e. g., S-layer proteins, glycopolymers, peptidoglycan, and/or 

phospholipid-layer) may help to maintain a locally increased proton concentration and promote 

formate formation outside the cytoplasmic membrane (Fig. 4) by preventing a ‘futile escape’ of 

protons into the bulk medium. These macromolecules might even directly constitute a ‘localized 

proton-relay pathway’ (see [100] and the refs. cited therein) in order to effectively feed protons 

from the ATPase complex into the formate dehydrogenase complex in S. wolfei.  

Finally, the proteomic analyses showed furthermore that the S. wolfei variant that is able to grow 

axenically with crotonate [101] differs significantly in its metabolic features from syntrophically 

butyrate-grown cells (see [28]). Besides the differences in the hydrogenase and formate 

dehydrogenase expression pattern discussed above, crotonate-utilizing cells appeared to 

express several iso-enzymes for fatty acid degradation compared to butyrate-utilizing cells 

(Tab. 2, Fig. 2), for example, an additional CoA-transferase-like protein (Swol_0436; prominent 

spot C5 in Fig. 2B) that could represent the crotonyl-CoA:acetyl-CoA transferase activity 

detected previously specifically in crotonate-grown cells [28], and an additional NAD+-dependent 

3-hydroxybutyryl-CoA dehydrogenase (Swol_0435; prominent spot C14 in Fig. 2B) that might be 

involved in a more efficient NAD+-regeneration in cells disproportionating crotonate to butyrate 

and acetate (see [28]). Notably, four additional prominent spots that appeared solely for 

crotonate-grown cells (spots C8, C9, C12 and C13 in Fig. 2B) could not be identified in this study 

(the proteins produced high-quality peptide fingerprints, but no valid matches could be found in 

the databases). Hence, their origin, identity, and their function in crotonate-grown cells, remains 

also to be clarified in future studies.  
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MATERIALS AND METHODS 

 

Organisms, growth media and incubation 

Syntrophomonas wolfei subsp. wolfei [95,102] in coculture with Methanospirillum hungatei JF1 

(DSM 2245B) was grown in anoxic, bicarbonate-buffered and sulfide-reduced freshwater 

medium [103,104] containing 0.05% yeast extract, 0.4 mg/L resazurine as redox indicator, 

EDTA, a decreased amount of iron to minimize precipitation of iron sulfide [105], and 20 mM 

sodium butyrate; the 7-vitamin solution of the original freshwater medium was supplemented 

with lipoic acid (200 µg/L) and thiamine (400 µg/L) as described earlier [106]. Axenic cultures of 

S. wolfei were grown with 20 mM sodium crotonate [79]. The media were prepared in 4-L jars 

and distributed to 1-L or 120-mL infusion bottles after autoclaving for 40 min as described earlier 

[105], or directly in 10-L culture vessels. Cultures were incubated at 30°C in the dark under 

N2/CO2 (80:20) atmosphere. Growth was monitored via optical density (OD 580 nm) against 

sterile medium; a few grains of sodium dithionite were added to the cuvettes to keep resazurine 

in its reduced state. Anoxic buffers for cell harvest or cell suspension experiments were 

prepared as described previously [43]. 

 

Harvesting and preparation of cell suspensions 

Cultures were harvested at the end of the exponential growth phase (OD578 = 0.1-0.18 after 

approximately 10-20 days) in an anoxic chamber (Coy, Ann Arbor, USA) by centrifugation as 

described earlier [43]. Cells were washed twice by repeated centrifugation in anoxic 50 mM 

potassium phosphate buffer, pH 7.5, and resuspended in 4-6 mL of the same buffer. Cells of 

S. wolfei and M. hungatei were separated as described earlier [43] via a Percoll gradient from 

55 to 70% [107]. Briefly, after centrifugation (2,200 ×g, 1 h), the upper, S. wolfei-containing layer 

was transferred to infusion bottles and washed twice in anoxic buffer by repeated centrifugation 

(2,600 ×g, 20 min); the cell pellet was suspended in 5 mL of 20 mM Tris-HCl, pH 8.0, for cell 

lysis, or in 3 mL 50 mM potassium phosphate buffer, pH 7.5, with 3 mM DTT for cell suspension 

experiments (see below). 
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Preparation of cell extracts and subcellular fractionation 

Cells were opened by three passages through an anoxic, cold French Pressure cell operated at 

137 MPa. The cell lysate was collected in an 8 mL serum vial and the cell debris removed by 

centrifugation in an SS-34 rotor at 3,000 ×g for 20 min. The supernatant obtained (cell-free 

extract) was further fractionated in an Optima TL-ultracentrifuge using the TLA-100.4-rotor 

(Beckman) at 236,000 × g for 30 min, which yielded the soluble protein fraction (supernatant) 

and the membrane fraction (pellet). 

 

Solubilisation of membrane proteins 

The membrane pellet obtained from ultracentrifugation was resuspended in 4 mL anoxic 

potassium phosphate buffer and washed twice in anoxic potassium phosphate buffer by 

repeated resuspension and centrifugation at 236,000 ×g for 30 min. The washed membrane 

particles were carefully resuspended in 4 mL of 20 mM Tris-HCl, pH 8.0, containing 0.5% 

dodecyl β-D-maltoside. After incubation on ice for 30 min, this mixture was centrifuged (236,000 

×g, 30 min) and the obtained supernatant was termed solubilised membrane proteins.  

 

Activity measurements  

For measurement of formate dehydrogenase and hydrogenase and determination of their 

localizations in S. wolfei, enzyme assays with intact cells, crude extract, and soluble protein 

extract were run anoxically in rubber-stoppered 1-mL cuvettes at 30°C as described earlier 

[105]; assays were run in triplicate. Activity was expressed in units (U) defined as 1 µmol 

substrate consumed/product formed per min; specific activity was expressed as U/mg total 

protein. Hydrogenase (EC 1.18.99.1) was assayed in 50 mM potassium phosphate buffer, pH 

7.5, with 3 mM DTT in cuvettes flushed with 100% H2 gas. As electron acceptor, 2 mM benzyl 

viologen (ε578 = 8.65 mM-1 cm-1; [108]) or 0.25 mM NAD+ (ε340 = 3.5 mM-1 cm-1; [109]) was used; 

cell extract was added and the increase of absorption was followed at 578 nm or 340 nm, 

respectively (modified from [110]). Formate dehydrogenase (EC 1.2.1.2) was assayed under the 

same conditions as hydrogenase (except H2 gas) and the reaction started by addition of 5 mM 

formate. In assays testing the effect of the protonophor carbonyl cyanide m-chlorophenyl 

hydrazone (CCCP) on formate dehydrogenase and hydrogenase activity, cell suspensions were 

pre-incubated anoxically at 30°C for 15 min in the presence or absence of 15 µM CCCP. 
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Chemicals 

All standard chemicals were of analytical or higher grade quality and obtained from Boehringer, 

Eastman Kodak, Merck, Pharmacia, Serva, or Sigma. Gases were purchased from Messer-

Griesheim (Darmstadt, Germany) and Sauerstoffwerke Friedrichshafen (Friedrichshafen, 

Germany). 

 

Analytical methods 

Protein concentration was determined by the Bradford microprotein assay [111] using bovine 

serum albumin as standard. 

 

Protein electrophoresis 

One-dimensional SDS-PAGE was done according to Laemmli [112]. Gels contained either 12% 

polyacrylamide in the resolving gel and 4% polyacrylamide in the stacking gel, or gradients gels 

5-18% polyacrylamide in the resolving gel and 4% polyacrylamide in the stacking gel, and were 

cast as large gels (17 cm by 20 cm, Protean II xi, BioRad) for the excision of bands to be 

analyzed by peptide fingerprinting-mass spectrometry (see below). Protein samples were mixed 

1:2 with loading buffer (0.125 M Tris-HCl, pH 6.8, 2% (w/v) SDS, 25% glycerol , 0.01% (w/v) 

bromophenolblue and 5% β-mercaptoethanol) and heated at 100°C for 5 min prior to loading. 

Protein separation was started with 15 mA, and after the marker front had reached the resolving 

gel the current was increased to 25 mA; the gel-chamber was cooled to 8°C during the runs. 

Gels were stained with colloidal Coomassie blue [113]. 

Two-dimensional isoelectric-focussing (IEF) /SDS-PAGE was done using the BioRad ReadyStrip 

IPG system for the first-dimension separation (17 cm length, pI range pH 3-10 or pH 5-8), and 

for the second-dimension SDS-PAGE as described above (17 cm by 20 cm; 12% polyacrylamid, 

no stacking gel). The sample preparation and IEF-separation conditions were essentially as 

described in the manufacture’s instructions (BioRad’s ReadyStrip IPG Strip Instruction Manual) 

with the following modifications. Soluble proteins obtained after ultracentrifugation of crude 

extract (see above) were desalted using PD-10 desalting columns (GE Healthcare Life 

Sciences). One-mg aliquots of desalted soluble protein were precipitated by addition of four 

volumes of ice-cold acetone; the suspension was stored at -20°C overnight, and the protein 

collected by centrifugation (16,000 x g, 15 min, 4°C). The protein pellet was dried under air 

(appr. 15 min) and solubilized in 300 µL rehydration buffer as described in the ReadyStrip IPG 
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Strip Instruction Manual. The IPG strips were rehydrated with the protein sample (in 300 µL) 

overnight. The isolelectric-focussing conditions involved a maximal current of 50 µA per strip at 

20°C and started for 1 h with a maximal voltage of 500 V (desalting), followed by a voltage ramp 

(rapid) to a maximal voltage of 10,000 V during 3 h, and additional focusing at 10,000 V until a 

total of 40,000 Volt-hours (Vh) had been reached. Thereafter, each strip was equilibrated in 

SDS-equilibration buffers I and II (with DTT and iodoacetamide, respectively) as described in the 

ReadyStrip IPG Strip Instruction Manual, and each equilibrated strip placed onto one SDS-

PAGE gel (see above) using an overlay of Tris-Glycin-SDS buffer solidified with agarose 

(0.5 %). 

Two-dimensional Blue-Native PAGE /SDS-PAGE for the separation of protein complex 

components from membranes was done following the protocol of Wittig et al. [114]. Briefly, a 

Blue-Native gradient gel from 4-13% polyacrylamide was prepared (17 cm by 20 cm). Samples 

(50 µL) containing appr. 200 µg total protein from dodecylmaltoside-solubilized membrane 

fragments (see above) were treated prior to loading onto the Blue-Native gel by addition of 

Coomassie blue G-250 (1 µL of 5 % w/v) and glycerol (5 µl of 50% v/v). Treated samples were 

loaded and separated at 10 mA for 4 h. For a second-dimension separation via denaturing SDS-

PAGE, each lane of first-dimension separated membrane proteins of butyrate-grown versus 

crotonate-grown S. wolfei cells (see Results) was excised from the Blue-Native gel (as a slice of 

appr. 1 cm by 7 cm), equilibrated for 30 min in Tris-Glycin-SDS buffer containing additional SDS 

(1% w/v) and β-mercaptoethanol (0.5% v/v), and washed twice in Tris-Glycin-SDS buffer. Both 

equilibrated gel slices (butyrate versus crotonate) were placed onto one SDS-PAGE gradient gel 

(5-18% polyacrylamide, see above) using an overlay of Tris-Glycin-SDS buffer solidified with 

agarose (0.5%). 

Anoxic Blue-Native PAGE for activity staining was done as described above with the following 

modifications. The cell extracts were processed anoxically. The membrane fragments were 

washed once and solubilised with dodecylmaltoside (see above). A total of 500 µg of protein per 

sample was separated (6 h at 400 V) on a gradient gel (13-4 % polyacrylamide) in an anoxic 

chamber. Each lane was cut (as a slice of appr. 1 cm by 18 cm) and washed in anoxic 50 mM 

potassium phosphate buffer, pH 7.5, and placed into an anoxic staining box. After 10 min of 

purging with nitrogen gas, 25 mL anoxic potassium phosphate buffer (50 mM, pH 7.5) containing 

1 mM benzyl viologen was injected per gel slice. Activity staining was started by addition of 

5 mM formate or H2 gas. Stained bands were excised and submitted to peptide fingerprinting-

mass spectrometry (see below). 
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Peptide fingerprinting-mass spectrometry and database searching 

Protein bands (or spots) of interest were excised from gels and submitted to peptide-

fingerprinting-mass spectrometry at the Proteomics Facility of the University of Konstanz 

(www.proteomics-facility.uni-konstanz.de) to identify the corresponding genes. The MASCOT 

engine (Matrix Science, London, UK) [115] was used to match each peptide fingerprint against a 

local database of, firstly, all predicted protein sequences of the annotated genomes of 

Syntrophomonas wolfei subsp. wolfei strain Göttingen (GOLD Project Id: Gc00427; IMG version 

2011-08-16) and Methanospirillum hungatei strain JF-1 (GOLD Project Id: Gc00350; IMG 

version 2011-08-16). If these searches gave no valid matches (see Results) or for control, the 

fingerprint was matched against a database of the nucleotide sequence of the S. wolfei genome 

translated on all six reading frames, in order to identify also genes that could have been missed 

by primary ORF-calling and auto-annotation; the fingerprints were also matched against the 

external EMBL and NCBI databases. Our standard parameters for searching and scoring were 

set as follows: One missed cleavage site allowed. Fixed modifications: carbamidomethyl Cys. 

Variable modification: N-term. pyro-Glu, N-term. Gln, Met-oxidation. Peptide charge: 2+, 3+, 4+. 

Peptide tolerance: 1.0 Da. MS/MS tolerance: 0.8 Da. If not stated otherwise (see Results), a 

minimal score of 100 and/or minimal sequence coverage of 20% was set as cut-off for low-

scoring hits. 

 

Sequence analysis 

Basic sequence analysis was done using the LASERGENE software package from DNAstar 

(Madison, Wisconsin, USA). The IMG Data Management and Analysis platform 

(http://img.jgi.doe.gov) was used to inspect the S. wolfei genome and identified genes, the gene 

information and evidence of function prediction, as well as the positional cluster genes (gene 

clusters) and ortholog neighbourhood regions. Database searches were done using BLAST at 

the NCBI website, and the general domains and motifs in protein sequences were scanned in 

the NCBI Conserved Domain Database (CDD) search [116] and their domain architectures 

compared using the NCBI Conserved Domain Architecture Retrieval Tool (CDART) [117]. 

Transmembrane helices were scanned in the program TMHMM 2.0 and signal sequences for 

protein export in the programs SignalP 4.0 [118] and TatP 1.0 [119] at the Center for Biological 

Sequence Analysis of Technical University of Denmark (http://www.cbs.dtu.dk); PRED-TAT was 

also used for signal-peptide prediction [120]. 
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SUPPORTING INFORMATION 

 

 

Fig. S1. Two-dimensional Blue-Native/SDS-PAGE gel of solubilized membrane proteins of 

S. wolfei cells grown with butyrate (left) and crotonate (right). Solubilised protein complexes 

were separated by non-denaturing Blue-Native PAGE in the first dimension (not shown). The gel 

strips from BN-PAGE were inserted (mirror-inverted) into a denaturating SDS-PAGE gel 

(gradient gel, 5-18% polyacrylamide) for separation of the subunits of the protein complexes in 

the second dimension. Protein spots excised from the SDS gel for identification by peptide 

fingerprinting-mass spectrometry are indicated (BN1-BN3) and were attributed to the following 

genes in S. wolfei (see also main text): BN1, Swol_0800 and Swol_0799 annotated to conjointly 

encode a selenocysteine-linked formate dehydrogenase catalytic subunit (of the FDH-2 com-

plex); BN2, Swol_0798 annotated as corresponding iron-sulfur subunit of the formate dehydro-

genase FDH-2 complex; BN4, Swol_2384, large subunit of the proton/sodium-translocation ATP-

synthase complex. MW, marker proteins with molecular masses indicated (in kDa). 
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Fig. S2. Two membrane protein bands appeared on SDS-PAGE gels only if the membranes had 

been solubilised with SDS, but not when dodecylmaltoside was used. Legend: M, marker 

proteins with molecular mass indicated (in kDa); But, membrane proteins derived of butyrate-

grown S. wolfei; Crot, membrane proteins derived of crotonate-grown S. wolfei; SDS, membrane 

proteins solubilised with SDS; DM, membrane proteins solubilised with dodecylmaltoside. 

Identifications for bands A1 and B2: see Table 1 in main text. The strong band of the FDH-2 

subunit (Swol_0800-799) observed exclusively for butyrate-grown cells is also indicated (see 

text).  
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Fig. S7. Formate dehydrogenase-activity 

staining of dodecylmaltoside-solubilised 

crude extract from butyrate-grown 

S wolfei cells separated by anoxic Blue-

Native PAGE after 6 and 12 min. Staining 

was performed with 1 mM benzyl 

viologen in 50 mM potassium phosphate 

buffer and started by addition of 5 mM 

formate. 

 

 

Tab. S2. Identifications obtained by peptide fingerprinting-mass spectrometry for protein bands 

excised from an activity-stained gel strip after separation of dodecylmaltoside-solubilised crude 

extract (see Fig. S7). The formate dehydrogenase catalytic subunits FDH-2 and FDH-1 were 

evaluated as fusion proteins (selenocysteine-linked). Numbering of FDH-1 and FDH-2 catalytic 

subunits in the genome sequence of S. wolfei according to [41]. 

Spot 
No. 

LocTag 
(Swol_) 

Annotation 
Predicted 
mass  
(Da) 

Score 
Seq. 

coverage 
(%) 

CE1 
0143 hypothetical outer membrane protein (invasin/intimin/lectin-like) 141,664 159 15 
1945 Putative activator of (R)-2-hydroxyglutaryl-coA dehydratase 159,565 111 40 

0800-799 formate dehydrogenase catalytic subunit (FDH-2) 95,579 100 10 

CE2 
0800-799 formate dehydrogenase catalytic subunit (FDH-2) 95,579 115 19 

2030 3-hydroxybutyryl-CoA dehydrogenase 29,998 100 55 

CE3 

1934 acetyl-CoA acetyltransferase 41,282 285 63 
1017 hydrogenase catalytic subunit  (HYD-1) 62,988 154 23 
0384 uncharacterized protein 68,239 84 16 

0785-86 formate dehydrogenase catalytic subunit (FDH-1) 58,258 82 19 

CE4 
1934 acetyl-CoA acetyltransferase 41,282 309 54 

0785-86 formate dehydrogenase catalytic subunit (FDH-1) 58,258 90 13 
NC0 1934 acetyl-CoA acetyltransferase 41,282 68 23 
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Fig. S8. Phylogenetic tree of the amino-acid sequence alignment of the EtfA (top) and EtfB 

(bottom) expressed in S. wolfei (Swol_0697-96, see main text) with representative sequences of 

EtfABs that coordinate either one FAD and one AMP (group I), or two FAD but no AMP (group II) 

[83]. Sequences of typical group-I EtfABs are from Paracoccus denitrificans and human 

mitochondria, and for group II from Megasphaera elsdenii and Clostridium kluyveri (indicated by 

bold letters). Note that Swol_0697-96 and the other EtfABs that are also encoded in a gene 

cluster with FeS-oxidoreductase (DUF224) in other organisms (all sequences labelled with 

‘FeS’), seem to be more closely related to the group-I EtfABs. Accession numbers or locus tags 

are indicated. The sequence alignment and the neighbor-joining tree building involved the 

CLUSTALX2 software and visualization of the tree the DENDROSCOPE software. The 

Rossmann-like alpha/beta/alpha-sandwich fold (IPR014729) containing protein P31663 of E. coli 

served as outgroup/root (not shown).  
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Escherichia coli 

Vibrio cholerae 

Vibrio alginolyticus 

Bacillus subtilis 

Enterococcus hirae 
 

Acetobacterium woodii c3 

Acetobacterium woodii c1 

Propionigenium modestum 

Thermotoga maritima 
 

Syntrophomonas wolfei 

 

-LAAIGAAIGIGILGGKFLEGAARQPDLIPLLRTQFFIVMGLVDAIPMI- 

-LCAVGTAIGFAVLGGKFLEGAARQPEMAPMLQVKMFIIAGLLDAVPMI- 

-LASLGTAIGFALLGGKFLEGAARQPEMAPMLQVKMFIIAGLLDAVPMI- 

-LGALGAGIGNGLIVSRTVEGIARQPEAGKELRTLMFMGIALVEALPII- 

-GAAIGAGYGNGQVISKTIESMARQPEMSGQLRTTMFIGVALVEAVPIL- 

 

-IAGVGPGIGQGFAAGKGAEAVGRQPEAQSDIIRTMLLGAAVAETTGIY- 

-VAGVGPGIGQGFAAGKGAEAVGKNPTKSNDIVMIMLLGAAVAETSGIF- 

-IAGIGPGVGQGYAAGKAVESVARQPEAKGDIISTMVLGQAIAESTGIY- 

-IGAIGPGIGEGNIGAHAMDAMARQPEMVGTITTRMLLADAVAETTGIY- 

 

-IAGIGGGIGMGIAGGKAFEAIARQPEVGGDVRTLLFITLAFIETLTIY- 

 

Fig. S9. Amino-acid sequence alignment according to Dzioba et al. [87] in an attempt to predict 

the ion specificity of the ATP synthase of S. wolfei (gene cluster Swol_2381-Swol_2388). The 

amino-acid sequence motive of ATP synthase c-subunits that likely predicts Na+-binding,  

P-x3-Q-x32-ET (see [87] and [86]) is not conserved in the S. wolfei sequence of Swol_2387. 
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ABSTRACT 

Pelobacter carbinolicus and P. acetylenicus oxidize ethanol in syntrophic cooperation with 

methanogens. Cocultures with Methanospirillum hungatei served as model systems for the 

elucidation of syntrophic ethanol oxidation previously done with the lost “Methanobacillus 

omelianskii” coculture. During growth on ethanol, both Pelobacter species exhibited NAD+-

dependent alcohol dehydrogenase activity. Two different acetaldehyde-oxidizing activities were 

found: a benzyl viologen-reducing enzyme forming acetate, and a NAD+-reducing enzyme 

forming acetyl-CoA. Both species synthesized ATP from acetyl-CoA via acetyl phosphate. 

Comparative 2D-PAGE of ethanol-grown P. carbinolicus revealed enhanced expression of 

tungsten-dependent acetaldehyde:ferredoxin oxidoreductases and formate dehydrogenase. 

Tungsten limitation resulted in slower growth and the expression of a molybdenum-dependent 

isoenzyme. Putative comproportionating hydrogenases and formate dehydrogenase were 

expressed constitutively and are probably involved in interspecies electron transfer. In ethanol-

grown cocultures, the maximum hydrogen partial pressure was about 1,000 Pa (1 mM) while 

2 mM formate was produced. The redox potentials of hydrogen and formate released during 

ethanol oxidation were calculated to be EH2 = -358 ± 12 mV and EHCOOH = -366 ± 19 mV, 

respectively. Hydrogen and formate formation and degradation further proved that both carriers 

contributed to interspecies electron transfer. The maximum Gibbs free energy that the 

Pelobacter species could exploit during growth on ethanol was -35 to -28 kJ per mol ethanol. 

Both species could be cultivated axenically on acetaldehyde, yielding energy from its 

disproportionation to ethanol and acetate. Syntrophic cocultures grown on acetoin revealed a 

two-phase degradation: first acetoin degradation to acetate and ethanol without involvement of 

the methanogenic partner, and subsequent syntrophic ethanol oxidation. Protein expression and 

activity patterns of both Pelobacter spp. grown with the named substrates were highly similar 

suggesting that both share the same steps in ethanol and acetalydehyde metabolism. The early 

assumption that acetaldehyde is a central intermediate in Pelobacter metabolism was now 

proven biochemically. 
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INTRODUCTION 

 

The genus Pelobacter embraces strictly anaerobic, Gram-negative delta-proteobacteria [121]. In 

contrast to other Desulfuromonadales, Pelobacter species are fermenting bacteria incapable of 

anaerobic respiration. Their fermenting capabilities are regarded as a secondary evolutionary 

event [122] since genes of key enzymes in their fermentative metabolism are likely to originate 

from lateral gene transfer [123]. The best investigated species within this genus are Pelobacter 

carbinolicus [124] and Pelobacter acetylenicus [125]. Both strains originate from different 

environments: brackish water sediment or freshwater sewage sludge, respectively. Acetoin 

degradation by P. carbinolicus is a well-studied process [126-129] and its ability for indirect 

iron(III) reduction attracted scientific interest [42,130,131]. The genome of P. carbinolicus has 

been sequenced [44]. P. carbinolicus is closely related to P. acetylenicus [132]. Pelobacter 

species feed only on a narrow substrate range. P. carbinolicus and P. acetylenicus degrade 

acetoin, 2,3-butandiol, ethylene glycol (P. carbinolicus) or acetylene (P. acetylenicus [133,134]) 

in pure culture, or ethanol in coculture with a syntrophic partner. The metabolism of all these 

substrates includes acetaldehyde as central intermediate which was proposed to be the 

ecological specialisation or niche of these bacteria [121].  

The concept of syntrophy describes a particular kind of symbiotic lifestyle implying a mutual 

dependence of at least two species to perform a substrate conversion. These organisms 

represent a metabolic entity [33]. In defined cocultures of Pelobacter species with methanogens 

such as Methanospirillum hungatei or Methanobrevibacter arboriphilus, Pelobacter spp. convert 

ethanol to acetate and hydrogen or formate as electron shuttle [135,136]. In a second step, the 

electron shuttle is used to reduce carbon dioxide to methane by a methanogen, thus closing the 

redox balance of the overall process. The intermediate hydrogen pressure or formate 

concentration determines the energy yield ratio of both syntrophic partners. Cocultures of 

Pelobacter species are useful model systems to study syntrophic methanogenic ethanol 

oxidation [20]. Notably, the exceptional Methanogenium organophilum is able to perform ethanol 

conversion to acetate plus methane non-syntrophically in a single organism [70].  

The first methanogenic culture growing on ethanol was obtained by V. L. Omeljanskij about 

100 years ago [10]. H. A. Barker revisited these experiments by describing Methanobacillus 

omelianskii [68] which was later identified as a syntrophic coculture of two different organisms 

[27]. However, this culture was lost, and other cocultures such as P. acetylenicus or 

P. carbinolicus together with either Methanospirillum hungatei or Methanobrevibacter 

arboriphilus, were studied to understand the biochemistry of syntrophic ethanol oxidation. In this 
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context, the genome of P. carbinolicus revealed interesting gene loci: a gene cluster for 

comproportionating hydrogenases (gene loci Pcar_1602-Pcar_1605 and Pcar_1633-Pcar_1936) 

as described previously for Thermotoga maritima [40], and various acetylating or non-acetylating 

acetaldehyde dehydrogenases. Some of these putative non-acetylating ferredoxin:acetaldehyde 

oxidoreductases were annotated as either molybdenum- or tungsten-dependent enzymes, and 

their possible involvement in ethanol metabolism remained unclear. 

In the present study, we determined the activities of the cytoplasmic enzymes that are supposed 

to be involved in ethanol degradation by P. acetylenicus and P. carbinolicus, following the 

original metabolic concept of M. omelianskii [137,138] and subsequent studies [139-141]. Since 

initial experiments indicated that growth of Pelobacter species/M. hungatei cocultures was 

affected by tungsten and molybdenum availability the dependence of activity and proteome 

patterns on these trace metals were studied. We inventoried the most abundant soluble 

enzymes by 2D PAGE and peptide mass-fingerprinting and identified key players in the 

metabolism by native activity staining. The relative importance of either hydrogen or formate as 

syntrophic electron shuttles is still a matter of debate. Highly sensitive detection methods 

allowed to quantify both potential electron carriers in comprehensive cultivation experiments of 

both Pelobacter species grown on acetoin or ethanol. Finally, the simultaneously measured 

concentration of educts and products of ethanol oxidation helped to elucidate the energetics of 

ethanol oxidation. 
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RESULTS 

 

Enzyme activities 

The specific enzyme activities detected in both P. acetylenicus and P. carbinolicus after 

syntrophic growth with ethanol were highly similar (Tab. 1). Cytoplasmic protein fractions 

oxidized ethanol with NAD+ to acetaldehyde. This alcohol dehydrogenase activity increased at 

higher pH or if assayed in the (thermodynamically favored) reductive direction. Acetaldehyde 

was oxidized further to acetyl-CoA by a coenzyme A-dependent acetylating acetaldehyde 

dehydrogenase activity. Cytoplasmic fractions also exhibited phosphotransacetylase and acetate 

kinase activity. These enzymes converted acetyl-CoA to equimolar amounts of acetate and ATP 

via substrate level phosphorylation. In addition to this reaction sequence, a non-acetylating 

acetaldehyde dehydrogenase activity was detected as well. This enzyme oxidizes acetaldehyde 

directly to acetate yielding an electron pair of low redox potential able to reduce benzyl or methyl 

viologen. NAD+ was not a suitable electron acceptor for this reaction.  

In bacteria with syntrophic lifestyle, hydrogenase or formate dehydrogenase activities are 

expected to release electron carriers such as H2 and/or formate to the syntrophic partners. No 

hydrogenase and negligible formate dehydrogenase activity with NAD+ as electron acceptor was 

found in either Pelobacter species. However, hydrogen or formate reduced benzyl viologen and 

methyl viologen at high rates. If P. carbinolicus was cocultivated with the hydrogen-only 

scavenging Methanobrevibacter arboriphilus, [142,143], formate dehydrogenase activity of 

P. carbinolicus was 100-fold lower than after cocultivation with M. hungatei. 

In order to identify enzymes that were specifically induced after growth with ethanol, enzymes 

were also assayed in P. carbinolicus cells after axenic growth on acetoin. The pathway of 

acetoin degradation had been worked out in the past for this bacterium [127,128]. Activities of 

alcohol dehydrogenase, acetylating acetaldehyde dehydrogenase and phosphotransacetylase 

were detected. Additionally, significantly high activities of non-acetylating acetaldehyde 

dehydrogenase and hydrogenase activity were found although both are not necessary for 

acetoin degradation. The activity of the initial enzyme of the acetoin pathway, acetoin:DCPIP 

dehydrogenase [128], was high after growth with acetoin and far lower after growth with ethanol. 
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Tab. 1. Specific enzyme activities (U per mg protein) in Pelobacter species. If not mentioned 

otherwise, all enzyme assays were done with the P. carbinolicus / M. hungatei strain M1h 

coculture. (DCPIP = 2,6-dichlorophenolindophenol, n. ac. = non-acetylating, BV = benzyl 

viologen, MV = methyl viologen, M. arb. = Methanobrevibacter arboriphilus, n. d. = not 

determined) 

Species P. acetylenicus P. carbinolicus P. carbinolicus P. carbinolicus 

Culture Syntrophic Syntrophic Pure Pure 

Substrate Ethanol Ethanol Acetaldehyde Acetoin 

Extract Cell-free extract Soluble fraction Soluble fraction Soluble fraction 

Acetoin:DCPIP dehydrogenase n. d. 0.0027 ± 0 0.006 ± 0.002 1.3 ± 0.28 

Alcohol dehydrogenase, NAD+  
oxidative, pH 7.5 

0.12 ± 0.01 0.019 ± 0 0.033 ± 0.001 0.24 ± 0.04 

Alcohol dehydrogenase, NAD+  
oxidative, pH 9.0 

0.70 ± 0.13 0.26 ± 0 n. d. 2.78 ± 0.54 

Alcohol dehydrogenase, NADH  
reductive, pH 7.5 

1.12 ± 0.06 0.027 ± 0 n. d. 0.60 ± 0.08 

Acetaldehyde dehydrogenase,  
acetylating 

0.08 ± 0.01 1.54 ± 0.49 0.008 ± 0.001 4.21 ± 1.0 

Phosphotransacetylase 18.84 ± 3.07 37.8 ± 3.8 n. d. 17.0 [127] 

Acetate kinase 2.21 ± 0.19 6.4 ± 0.4 n. d. 12.6 [127] 

Acetaldehyde dehydrogenase,  
n. ac., NAD+ 

0 0 n. d. 0 

Acetaldehyde dehydrogenase,  
n. ac., BV 

4.86 ± 1.64 3.65 ± 0.6 0.77 ± 0.08 0.25 ± 0.07 

Acetaldehyde dehydrogenase,  
n. ac., MV 

2.33 ± 0.278 0.43 ± 0.11 n. d. n. d. 

Formate dehydrogenase, NAD+ 0.07 ± 0.01 0.96 ± 0.66 n. d. n. d. 

Formate dehydrogenase, BV 4.09 ± 0.43 23.2 ± 1.8 0.083 ± 0.037 n. d. 

Formate dehydrogenase, MV 2.14 ± 0 6.2 ± 0.7 n. d. n. d. 

Formate dehydrogenase, NAD+,  
M. arb.-Coculture 

n. d. 0.0032 ± 0 n. d. n. d. 

Formate dehydrogenase, BV,  
M. arb.-Coculture 

n. d. 0.20 ± 0.02 n. d. n. d. 

Formate dehydrogenase, MV,  
M. arb.-Coculture 

n. d. 0.08 ± 0.01 n. d. n. d. 

Hydrogenase, NAD+ 0 0 n. d. 0 

Hydrogenase, BV 136 ± 36 75 ± 15 16.0 ± 2.0 0.81 ± 0.07 

Hydrogenase, MV 385 ± 109 91 ± 11 n. d. n. d. 

 

For the first time, P. carbinolicus was grown axenically on acetaldehyde and enzyme activities 

were assayed. Acetoin:DCPIP dehydrogenase was still active since the inoculum had been pre-

cultivated on acetoin. Alcohol dehydrogenase was also active whereas acetylating acetaldehyde 
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dehydrogenase, the key enzyme of substrate level phosphorylation, exhibited only minor activity. 

Instead, a non-acetylating acetaldehyde dehydrogenase activity higher than in acetoin-grown 

cells was detected. The enzyme systems necessary for syntrophic electron transfer, 

hydrogenase and formate dehydrogenase, were also present after growth with acetaldehyde. 

Initial growth experiments (see Supporting information, Fig. S1) revealed that molybdenum and 

tungsten are essential trace elements for the P. acetylenicus/M. hungatei coculture. In the 

absence of both trace elements, growth was extremely slow. Cocultures grew best if 100 nM 

tungstate but no molybdenum was added. Cultures supplied with 150 nM molybdate but no 

tungstate grew slower during the exponential growth phase than tungstate-supplied cultures. In 

particular non-acetylating acetaldehyde dehydrogenases and formate dehydrogenases are 

known to depend on tungsten and/or molybdenum-containing cofactors [144-147]. Thus, 

cytoplasmic fractions of P. carbinolicus cells grown on ethanol with either 150 nM molybdate or 

300 nM tungstate were assayed for these activities (Tab. 2). Both activities were largely 

increased after growth in tungstate-rich medium. Since the acetaldehyde dehydrogenase activity 

in tungstate-free medium was still high, molybdenum might be a suitable substitute for tungsten 

although the tungsten-dependent enzymes appeared to be more active. On the contrary, the 

formate dehydrogenase activity was tungstate-induced to a larger extent (100- to 2700-fold), 

indicating that tungsten is essential for this enzyme and cannot easily be substituted by 

molybdenum. Noteworthy, the hydrogenase activity tested as a molybdenum- or tungsten-

independent reference activity was the same under both growth conditions. 

 

 

Tab. 2. Specific enzyme activities (U per mg protein) in cytoplasmic fractions of Pelobacter 

carbinolicus cultivated with and without molybdate and tungstate. (n. ac. = non-acetylating,  

BV = benzyl viologen, MV = methyl viologen) 

Trace metal concentration 0 mM W, 150 nM Mo 300 nM W, 0 mM Mo W-dep. induction 

Hydrogenase, BV 91 ± 16 83 ± 11 1.1-fold 

Hydrogenase, MV 115 ± 13 60 ± 6 0.5-fold 

Formate dehydrogenase, NAD+ 0.0025 ± 0 0.25 ± 0.13 100-fold 

Formate dehydrogenase, BV 0.06 ± 0.01 163 ± 29 2700-fold 

Acetaldehyde dehydrogenase,  
n. ac., BV 

0.29 ± 0.02 10.6 ± 2.2 36-fold 

Acetaldehyde dehydrogenase, 
n. ac., MV 

0.70 ± 0.13 4.1 ± 1.3 5.8-fold 
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Soluble proteome analysis and activity staining 

A possible presence of two types of acetaldehyde dehydrogenases, either molybdenum- or 

tungsten-dependent, has been discussed in the past [144,148]. Therefore, we wanted to track 

down differences in protein expression patterns during growth on ethanol with the named trace 

element concentrations. As depicted in Fig. 1, simple SDS PAGE of soluble protein extract 

mainly differed in the expression of two bands which were identified as molybdenum-dependent 

(Pcar_0220, at 120 kDa, Fig. 1 A) or tungsten-dependent acetaldehyde dehydrogenases 

(Pcar_0665 or Pcar_0456, at 65 kDa, Fig. 1 B), respectively. Pcar_0665 and Pcar_0456 share 

75.4% sequence identity and are likely to carry the same physiological function. Protein 

expression in standard medium (12 nM W plus 150 nM Mo) was similar to tungstate-rich medium 

without molybdenum (see Supporting information, Fig. S2). 

 

 

 

Fig. 1. Electrophoretic separation of soluble proteins (20 µg) of P. carbinolicus grown in media 

containing 20 mM ethanol and either 300 nM tungstate without molybdate (W) or 150 nM 

molybdate without tungstate (Mo). Marked bands were identified as a Mo-dependent 

acetaldehyde dehydrogenase (A, Pcar_0220) and W-dependent acetaldehyde dehydrogenase 

isoforms (B, Pcar_0665/0456) by peptide mass fingerprinting. 

 

 

A differential analysis of 2D gels in Fig. 2 confirmed the overexpression of both tungsten-

dependent isoforms in tungstate-rich media. After growth with only molybdate the large 

Pcar_0220 was expressed. The spot size was smaller than expected because, according to our 

experience, this PAGE method discriminates proteins larger than 80 kDa. Besides non-

acetylating acetaldehyde dehydrogenase enzymes, 2D PAGE also made putative subunits of a 

formate dehydrogenase gene cluster (Pcar_0833-0835) detectable which was less abundant. 

Furthermore, an additional acetylating acetaldehyde dehydogenase (Pcar_2758) was expressed 
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in tungstate-rich medium. Besides the differentially expressed proteins, 2D PAGE revealed 

highly abundant and constitutively expressed proteins such as alcohol dehydrogenases 

(Pcar_0251 and Pcar 0255), an acetylating acetaldehyde dehydrogenase (Pcar_1246), a 

glutamine synthetase (Pcar_1501, likely responsible for ammonia uptake) and two subunits of a 

putative hydrogenase (Pcar_1633 and Pcar_1634).  

To link activity and protein identification, we applied our recently described activity staining 

method [149] to cytoplasmic fractions of ethanol-grown P. carbinolicus cells (see Supporting 

information, Fig. S3). In all experiments, several spots or lanes were stained per gel strip, 

indicating that the native protein complexes decayed to varying extent. However, all staining 

reactions finally led to the same gene locus, confirming the PAGE results and the annotation of 

the non-acetylating acetaldehyde dehydrogenase (Pcar_0220 with molybdate and Pcar_0665 or 

Pcar_0456 with tungstate), hydrogenase (Pcar_1633/Pcar_1635 or Pcar_1604/Pcar_1605), and 

formate dehydrogenase (likely Pcar_0834/Pcar_0835). This links the proteome analyses to the 

viologen-staining activities determined in the cytoplasmic fraction in Tab. 1 and 2. Interestingly, 

hydrogenase and alcohol dehydrogenase gene loci were found repoducibly in the same spots 

which might indicate that these proteins constitute one complex in vivo. 

 

 

 

Fig. 2. Two-dimensional PAGE comparison of soluble proteins of P. carbinolicus grown on 

20 mM ethanol in tungstate-free or tungstate-rich medium to identify differentially induced (red or 

blue) or constitutively (green) expressed proteins by peptide mass fingerprinting. Spots are 

labeled by locus tag of the identified protein: Pcar_0833/0835 = formate dehydrogenase, 

Pcar_1633/1634 = hydrogenase, Pcar_1501 = glutamine synthetase, Pcar_1246/2758 = 

acetylating acetaldehyde dehydrogenase, Pcar_0251/0255 = alcohol dehydrogenase isoforms. 
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Formation of hydrogen or formate during syntrophic growth 

Growth, substrate turnover and formation of hydrogen or formate by Pelobacter species during 

(syntrophic) growth on acetaldehyde, ethanol or acetoin was evaluated in a 14 days time course 

(Fig. 3 and Supporting information Fig. S4). Moreover, we report about growth of these species 

on volatile acetaldehyde (Fig. 3 A and Fig. S4). The product formation curves indicate a 

dissimilation pathway in which acetaldehyde is disproportionated to equimolar amounts of 

ethanol and acetate. 

The the data allow a comparison of the formate and the hydrogen pool sizes. As depicted for P. 

carbinolicus in Fig. 3 B, hydrogen partial pressure and formate concentration rose fast during the 

first hours of syntrophic cultivation with ethanol while only minor amounts of ethanol were 

consumed. After this burst to about 1,000 Pa or 1 mM hydrogen and 2 mM formate, both 

concentrations decreased slowly during methanogenic consumption. Concentrations of 

hydrogen and formate increased again after the methanogen was inhibited by addition of 4 mM 

bromoethanesulfonate plus 20 mM ethanol. The rate of formation of both electron carriers was 

exponential and converged a limit. Cultivation of P. acetylenicus on ethanol with or without 

bromoethanesulfonate inhibition showed similar results (see Supporting information, Fig. S4). 

P. acetylenicus and P. carbinolicus both can grow without a methanogenic partner with acetoin 

as carbon and energy source, yielding acetate and ethanol as products [124,125]. Formation of 

hydrogen during acetoin or ethylene glycol degradation in pure culture has been reported before 

[150]. Our investigations confirm that in the absence of a methanogenic partner hydrogen and 

formate were produced in parallel to ethanol, reaching the same maxima (Fig. 3 C). 

P. carbinolicus degraded acetoin in syntrophic coculture as well, producing acetate as the sole 

product (Fig. 3 D). Growth proceeded in two phases: During a first phase of 48 hours, 

exponential growth and product formation as in pure culture were observed. In a second phase, 

the accumulated ethanol was oxidized to acetate as observed with ethanol-degrading 

cocultures. The course of hydrogen and formate concentrations followed again the ethanol 

concentration. Bromoethanesulfonate inhibition and ethanol addition caused an increase of 

hydrogen and formate concentration that came close to the observed limits (Fig. 3 D). The 

dependence of hydrogen and formate production on the apparent ethanol concentration was 

observed also in acetaldehyde-grown cultures. 
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Fig. 3. Cultivation of Pelobacter carbinolicus either in pure culture or in coculture with 

Methanospirillum hungatei strain M1h on acetaldehyde, ethanol or acetoin. Curves depict 

concentrations (mM) of acetoin (diamonds), ethanol (squares), acetate (triangles), hydrogen 

(open squares), formate (open triangles) and the optical density (OD, circles) under different 

growth conditions. In coculture experiments with ethanol (B) or acetoin (D), the methanogenic 

partner was inhibited by addition of 4 mM bromoethanesulfonate (BES), and ethanol oxidation 

was restarted with about 20 mM ethanol (see arrow) after regular growth was finished. Growth 

and metabolic performance of P. carbinolicus was similar to growth of P. acetylenicus on 

acetaldehyde (A) or ethanol (B) as shown in Supporting information Fig. S4. Concentrations 

were measured in triplicate. 
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In all cultivation experiments, hydrogen and formate were formed in parallel, even though the 

turnover of formate was always slightly faster than that of hydrogen. The pool sizes of these 

electron carriers were within the same order of magnitude. If the headspace was small (330 ml 

as in ethanol or acetoin cultivations, Fig. 3 B, C, D), the pool size of hydrogen was relatively 

small. With a bigger headspace (1500 ml as in the acetaldehyde set-up, Fig. 3 A), more 

electrons were transferred to protons to form hydrogen. 

The maximum hydrogen partial pressures and formate concentrations in all cultures allowed the 

calculation of the corresponding redox potentials using the Nernst equation. The redox potential 

of hydrogen production was EH2 = -358 ± 12 mV, and the redox potential for formate synthesis 

was EHCOOH = -366 ± 19 mV, assuming a bicarbonate concentration of 60 mM. Thus, both 

syntrophic electron carriers were released at similar energy levels. The culture-specific redox 

potentials did not differ between P. acetylenicus and P. carbinolicus cultures nor between 

cultivation substrates. Furthermore, simultaneous monitoring of educt and product 

concentrations in our cultures allowed the calculation of the Gibbs free energy of ethanol 

oxidation to acetate and hydrogen according to Thauer et al. [21] in ethanol- or acetoin-fed 

cultures to be ∆G’ = -35 }-28 kJ per mol. 
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DISCUSSION 

 

In the present study, key enzymes of ethanol and acetaldehyde metabolism were assayed in two 

Pelobacter species, together with hydrogenase and formate dehydrogenase activities which act 

as electron carriers to the methanogenic partner organism. The observed  similarity of enzyme 

activities in P. acetylenicus and P. carbinolicus agrees with the close phylogenetic relationship 

and other biochemical similarities of these two species [121]. Thus, both species are likely to use 

the same set of enzymes for ethanol and acetaldehyde metabolism.  

 

NAD+-dependent ethanol oxidation 

Both Pelobacter species oxidized ethanol with NAD+ as electron acceptor, just as the ethanol-

oxidizing S organism in the M. omelianskii coculture did [137]. However, the standard redox 

potential of electrons released by ethanol oxidation (-196 mV) is inadequate to reduce NAD+ at a 

standard redox potential of-320 mV, a problem discussed also before [20]. Nonetheless, this 

unfavorable reaction equilibrium prevents an accumulation of the toxic intermediate 

acetaldehyde which has been reported to attack DNA and proteins [151-153].  

 

Oxidation of acetaldehyde  

Our enzyme assays revealed that acetaldehyde can be oxidized by two different enzymes, an 

acetylating acetaldehyde dehydrogenase and a non-acetylating acetaldehyde:ferredoxin 

oxidoreductase. Acetyl-CoA formation from acetaldehyde and subsequent substrate-level 

phosphorylation follows the original concept of ethanol oxidation [20,27,139,154] and could 

easily explain the mode of ATP synthesis and carbon assimilation. Two acetylating acetaldehyde 

dehydrogenase gene loci could be identified: Pcar_1246 is constitutively expressed and 

Pcar_2758 was found additionally in fast-growing, tungstate-supplied cultures. Expression and 

activity of these acetylating acetaldehyde dehydrogenases is in agreement with the detected 

activities of the subsequent substrate-level phosphorylation enzymes phosphotransacetylase 

and acetate kinase as determined before [141]. 

However, the non-acetylating acetaldehyde dehydrogenase activity was constitutively expressed 

as well. The gene loci Pcar_0456 and Pcar_0665, annotated as tungsten-dependent 

acetaldehyde:ferredoxin oxidoreductases, were expressed after growth in standard medium 

(12 nM W plus 150 nM Mo) and were even more expressed in tungstate-rich medium (Fig. 1, 
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Fig. 2 and Supporting information, Fig. S2). Pcar_0665 and Pcar_0456 share 75.4% sequence 

identity and are likely to carry the same physiological function. Their annotation as tungsten-

dependent enzymes is credible since both enzymes share 34% sequence identity with the well-

investigated ferredoxin- and tungsten-dependent acetaldehyde dehydrogenase of Pyrococcus 

furiosus [155]. The well conserved binding motifs of the iron-sulfur clusters, the bound Mg2+ and 

the tungstopterins give further evidence of functional similarities (data not shown). These 

enzymes were substituted by a molybdenum-dependent isoenzyme (Pcar_0220) if molybdenum 

but no tungsten was available.  

So far, only two mesophilic bacteria were found to be able to express either molybdenum- or 

tungsten-dependent isoenzymes according to trace metal availability: Desulfovibrio gigas [144] 

and Eubacterium acidaminophilum [156]. Other examples of tungsten-dependent acetaldehyde 

dehydrogenases were found in thermophilic bacteria and archaea [157,158]. The use of 

tungsten-dependent isoenzymes in the metabolism of Pelobacter species remains unclear. 

Tungsten cofactors have been reported to catalyse electron transfer reactions at very low redox 

potential, such as ATP-independent benzoyl-CoA reduction [73]. A tungsten-dependent 

acetaldehyde dehydrogenase could exploit the entire redox potential of the 

acetaldehyde/acetate couple (E°’= -580 mV [157]) for ferredoxin reduction and possibly allow for 

faster acetaldehyde turnover. Coexpression of an additional (tungsten-independent) acetylating 

acetaldehyde dehydrogenase (Pcar_2758) in P. carbinolicus in tungstate-rich medium might 

help to balance the acetylating and non-acetylating path of acetaldehyde use. Increased 

substrate turnover can account for the preference of P. carbinolicus for tungsten-dependent 

acetaldehyde dehydrogenases. However, tungstate uptake requires specialised systems and is 

ATP-consuming in the presence of molybdate since tungstate and molybdate have similar 

physicochemical properties [159-161]. Growth in molybdate-free medium might facilitate 

tungstate import and with this also expression of tungsten-dependent enzymes. Both arguments 

could help to explain why P. acetylenicus grows faster but not to higher density in tungstate-only 

medium compared to standard medium (Supporting information Fig. S1). The question which 

one of both acetaldehyde-oxidising pathways is more important for dissimilation of acetaldehyde 

and its precursors cannot be answered until the acetaldehyde:ferredoxin oxidoreductase is 

assayed with its natural electron acceptor. Cell-free extracts of acetaldehyde-grown cells 

exhibited both activities. In the original concept of acetoin degradation, acetaldehyde was 

oxidized with NAD+, and the formed NADH was used by the NADH-consuming alcohol 

dehydrogenase to reduce further acetaldehyde to ethanol [126,127]. However, the non-

acetylating acetaldehyde dehydrogenase was also active in cells grown on acetaldehyde or 

acetoin, indicating an unknown function of this enzyme (Tab. 1).  
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Formation of hydrogen and formate as interspecies electron shuttles 

Expression of a comproportionating hydrogenase as proposed by Schut and Adams for the gene 

loci Pcar_1633-1636 (writing mistake in reference [40] corrected) and Pcar_1602-1605 has been 

confirmed in the present study. The respective gene loci were the only hydrogenase candidates 

found in PAGE and activity staining experiments. No NAD+-dependent hydrogenase activity was 

detectable. Hydrogenase activity could be measured with the artificial electron acceptors benzyl 

viologen and methyl viologen which both can substitute for ferredoxin. Proof of such 

comproportionation with in vivo electron acceptors will be a task for future research. Notably, an 

NADH- and ferredoxin-dependent hydrogenase was found also in the ethanol-oxidizing  

S organism of the M. omelianskii coculture, which could be interpreted nowadays as a 

comproportionating hydrogenase activity as well [137]. 

The measured maximum hydrogen partial pressure (about 1,000 Pa) requires a minimum redox 

potential of about -358 mV. A similar redox potential could be calculated for formate synthesis  

(E ≈ -366 mV). With regard to the detected maximum concentrations, only simultaneous 

oxidation of NADH and a ferredoxin-like protein (E°’ ≈ -410 mV [162]) would allow for exergonic 

hydrogenase and formate dehydrogenase reactions. Thus, we expect that the detected 

tungsten-dependent formate dehydrogenase encoded in gene cluster Pcar_0833-0835 is a 

comproportionating enzyme as well, even though the formate dehydrogenase exhibited NAD+-

reducing activity in a reverse assay. All genes encoding formate dehydrogenase subunits show 

very high sequence identity with the genes of the putative comproportionating hydrogenase 

gene cluster Pcar_1633-1636 (omitting Pcar_1635 whose function remains unclear). An 

electron-comproportionating formate dehydrogenase complex has been reported recently for 

Clostridium autoethanogenum [163]. The identified formate dehydrogenase was strictly 

tungsten-dependent and could not be replaced by molybdenum-dependent isoenzymes, as 

found in Desulfovibrio species [146,147].  

In our experiments, hydrogen could replace formate as syntrophic electron shuttle during ethanol 

oxidation. Cocultures of P. carbinolicus and Methanobrevibacter arboriphilus which cannot use 

formate as electron donor [142,143] grew at similar rates and to similar densities as cocultures 

with M. hungatei (Supporting information Fig. S5). Growth of Pelobacter carbinolicus or 

Pelobacter acetylenicus on ethanol solely by interspecies hydrogen transfer in cocultures with 

M. arboriphilus, as well as axenic growth in a culture vessel continuously sparged with nitrogen 

have also been reported earlier [139,150]). Enzyme assays revealed that formate 

dehydrogenase activity in P. carbinolicus was lowered by a factor of 100 if formate was not 

consumed (Tab. 1). Simultaneous hydrogen and formate turnover (Fig. 3, Supporting information 
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Fig. S4) and energetically equivalent maximum concentrations (in connection with synthesis 

redox potentials, see above) measured in cocultures with M. hungatei prove that hydrogen and 

formate are used equally and probably simultaneously as electron carriers. However, Pelobacter 

species might prefer to use hydrogen as sole electron carrier if tungsten is scarce. 

 

Syntrophic acetaldehyde oxidation as an ecological niche 

The enzyme activity pattern of P. carbinolicus cells cultivated with ethanol, acetaldehyde or 

acetoin (Tab. 1) revealed a certain degree of substrate adaptation. Nonetheless, few activities 

could be found which are actually not necessary for the respective metabolism: acetoin:DCPIP 

oxidoreductase after syntrophic cultivation with ethanol, non-acetylating acetaldehyde 

dehydrogenase and hydrogenase after axenic cultivation with acetaldehyde or acetoin. A 

differential 2D PAGE of ethanol- and acetoin-grown cells (data not shown) rendered similar 

(minor) differences in the expression of these proteins. Obviously, these enzymes are not strictly 

regulated because the overall spectrum of utilizable substrates of these bacteria is rather limited 

and comprises only substrates that are all closely related to acetaldehyde. This view is 

supported also by the intermediate accumulation of side products which are obviously caused 

also by the comparably high substrate concentrations used.  
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MATERIALS AND METHODS 

 

Source of organisms 

All strains were taken from our own culture collection. Pelobacter carbinolicus (strain GraBd1, 

DSM 2380) and Pelobacter acetylenicus (strain WoAcy1, DSM 3246) are available at the 

German Culture Collection DSMZ. For syntrophic cocultures, Methanospirillum hungatei strain 

M1h (isolated from anoxic sediments of Lake Constance, Germany), Methanospirillum hungatei 

strain JF1 (DSM 846 [164]) and Methanobrevibacter arboriphilus (DSM 1125 [142,143,165,166]) 

were used.  

 

Cultivation techniques 

Cultivation and preparation of anoxic sulfide-reduced, bicarbonate-buffered medium have been 

described before [103]. P. acetylenicus was cultivated in freshwater medium, P. carbinolicus in 

brackish water medium as described [167], with additional 0.25 g/L NH4Cl, 1 g/l MgCl2�6 H2O 

and without addition of Na2SO4. Resazurin (0.4 mg/l) was added before autoclaving as redox 

indicator. Sodium sulfide was used as a 0.5 M stock solution [167]. Vitamins, trace elements and 

selenite/tungstate were added from 1000-fold concentrated stock solutions. Vitamin solution 

contained: cyanocobalamin 50, 4-aminobenzoic acid 50, D(+)-biotin 10, nicotinic acid 100, 

Calcium D(+)-pantothenate 25, pyridoxamine dihydrochloride 250, thiamine dihydrochloride 50 

mg/L [167]. EDTA-containing trace element stock solution SL 13 was used [105]. The standard 

selenite tungstate solution contained 3 mg/L Na2SeO3�5 H2O and 4 mg/L Na2WO4�2 H2O. 

Molybdate and tungstate concentrations were adjusted by adding or omitting W- or Mo-free 

stock solutions. Standard medium without modifications contained 12 nM tungstate and 150 nM 

molybdate. 

The medium was prepared in 4 or 10 l flasks and distributed to gas-tight infusion bottles under a 

headspace of N2/CO2 (80:20). Ethanol and acetoin were added from 1 M stock solutions. 

Cultures were incubated at 28–30°C in the dark. Cell growth was followed microscopically and 

by measuring the optical density of 1 ml samples at 578 nm against water or dithionite-reduced 

medium (Hitachi spectrophotometer 100-40). 
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Monitoring substrate turnover and hydrogen production 

Hydrogen/formate production and substrate turnover in cultures of Pelobacter species cultivated 

on ethanol and acetoin was investigated in triplicate in half-filled infusion bottles with approx. 

250 ml medium and 330 ml headspace. Growth experiments with cocultures were done with 

M. hungatei strain M1h as syntrophic partner. Cultures with acetaldehyde as substrate were run 

semi-sterile in stirred half-filled 1250 ml-infusion bottles with approx. 500 ml medium containing 

an inoculum of 20% from an acetoin-grown pre-culture. Before inoculation, 500 µl 

Ti(III)nitrilotriacetic acid (95 mM) was added to eliminate traces of oxygen. Acetaldehyde was 

added by connecting the headspace of the infusion bottle to a second bottle filled with 2 M 

anoxic acetaldehyde solution in distilled water via 30 cm gas-tight tubing (5 mm in diameter). 

The overall headspace was approx. 1500 ml. This set-up was chosen to feed the culture 

continuously through the gas phase with the volatile acetaldehyde without overdosing this toxic 

compound. Acetaldehyde cultures were discarded under a fume hood to minimize exposure to 

ill-smelling thioaldehyde and its derivatives [168,169]. Hydrogen gas concentrations were 

measured in triplicate by gas chromatography. These gas concentrations were related to the 

culture volumes to calculate absolute pool sizes, and related to the liquid culture volume. 

Formate, acetate, acetoin, and ethanol concentrations were determined in triplicate by HPLC. 

Methanogenesis was inhibited by addition of 4 mM 2-bromoethanesulfonate. 

 

Preparation of cell-free extracts of P. acetylenicus/M. hungatei 

Cells grown in 1-l cultures were harvested by centrifugation as described before [105]. Cell 

pellets were washed twice in anoxic 50 mM potassium phosphate buffer, pH 7.5, containing 

3 mM dithiothreitol (DTT). Cell pellets were resuspended in 5 ml of the same buffer, transferred 

to an 8-ml serum vial sealed with a butyl rubber stopper, shock-frozen in liquid nitrogen, and 

stored at -20°C. All steps were performed under strictly anoxic conditions in an anoxic glove box 

[105]. Cell suspensions were lysed by addition of a total of 60 units mutanolysin and 0.2 mg 

DNaseI per ml cell suspension. Mutanolysin has proven to be a good lysing agent for syntrophic 

cocultures, as it leaves cell walls of archaea intact and only lyses cells of the fermenting bacteria 

[79]. Cell suspensions were then incubated anoxically at 37°C for 60 min. Non-lysed cells and 

debris were removed by centrifugation at 3,000 × g for 20 min. The supernatant (cell-free 

extract) was stored in serum vials under N2 on ice. Cell-free extracts of P. acetylenicus used in 

enzyme assays were obtained from cocultures with M. hungatei strain M1h.  
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Preparation of cell-free extracts from P. carbinolicus/M. hungatei cells 

Cell-free extracts of P. carbinolicus were prepared using similar techniques as for 

P. acetylenicus. Harvested cell pellets were washed in anoxic 20 mM Tris-HCl (pH 7.3, with 

medium salts). Pure cultures were lysed directly. In coculture, P. carbinolicus cells were 

separated from the methanogenic partner M. hungatei by Percoll gradient centrifugation as 

described [149]. Solutions of Percoll (Sigma) in harvesting buffer were layered in centrifuge 

tubes in descending order (concentrations 70%, 65%, 60% and 55%) and the resuspended cell 

pellet was poured on top. Tubes were centrifuged at 10,000 × g for 60 min in a swing-bucket 

rotor. The upper fraction containing P. carbinolicus was recovered with a syringe, and purity was 

checked by light microscopy (purity >99.5 %). Cells were washed in harvesting buffer and 

centrifuged at 16,000 × g for 15 min. Separated cells were opened by French Press treatment. 

1 µl of each DNase (Fermentas, 1000 U·ml-1) and RNase solution (Fermentas, 50,000 U·ml-1) 

and 2 mg of Protease Inhibitor Cocktail P 8465 (Sigma-Aldrich) were added to resuspended P. 

carbinolicus cells. Cells were disrupted anoxically by four passages through a French Pressure 

Cell (SLM Aminco) at 1,370 bar and ultracentrifuged at 100,000 × g for 60 min. Non-protein 

components were removed by gel filtration chromatography on a PD-10 column (GE Healthcare 

Life Sciences) in an anoxic glove box. Cell-free extracts of P. carbinolicus used in enzyme 

assays were obtained from cocultures with M. hungatei strain M1h. 

 

Enzyme assays 

All enzyme assays were run anoxically in rubber-stoppered 1-ml cuvettes at 30°C in a Hitachi 

spectrophotometer 100-40 connected to an analogous recorder (BBC Goerz Metrawatt SE 120) 

as described before [105]. Assays were run in triplicate. One enzyme unit was defined as 1 µmol 

substrate consumed or product formed per min and mg protein under the respective assay 

conditions. Benzyl viologen and methyl viologen were regarded as one-electron-acceptors.  

Alcohol dehydrogenase (EC 1.1.1.1) was assayed in the oxidative direction in 50 mM Tris/HCl 

buffer (pH 7.5 or pH 9.0) with 3 mM dithiothreitol (DTT) and 0.25 mM NAD+ . The reaction was 

started by addition of 34 mM ethanol. NADH formation was followed at 340 nm (ε = 6.292  

mM-1·cm-1 [170]). The reduction reaction was assayed in 50 mM potassium phosphate buffer (pH 

7.5) with 3 mM DTT and 0.2 mM NADH . The reaction was started by addition of 1 mM 

acetaldehyde and NADH consumption was followed at 340 nm. Non-acetylating acetaldehyde 

dehydrogenase (EC 1.2.1.3) was assayed as described earlier [144], but with 5 mM 

acetaldehyde. Activities of phosphotransacetylase (EC 2.3.1.8) was assayed after [171,172] and 
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acetate kinase (EC 2.7.2.1) by colorimetric determination of acetyl-phosphate consumption after 

[173] with our own modifications [105]. Non-acetylating acetaldehyde dehydrogenase 

(EC 1.2.1.3) was assayed in 50 mM potassium phosphate buffer (pH 7.5) with either 0.2 mM 

NAD+ or 2 mM benzyl viologen (BV) or methyl viologen (MV) (modified after [144]). The reaction 

was started by addition of 5 mM acetaldehyde. NADH formation was followed at 340 nm, BV and 

MV reduction were followed at 578 nm (εBV = 8,65 mM-1 cm-1 [108], εMV = 9,7 mM-1 cm-1 

[110,174]). Formate dehydrogenase (EC 1.2.1.2) was assayed in 50 mM potassium phosphate 

buffer, pH 7.5, 3 mM DTT, 0.3 mM NAD+ or 2 mM BV. The reaction was started by addition of 

5 mM sodium formate. NADH formation was followed at 340 nm; BV reduction was followed at 

578 nm, respectively. Hydrogenase (EC 1.18.99.1) was assayed in 50 mM potassium phosphate 

buffer, pH 7.5, with 3 mM DTT and 0.25 mM NAD+ or 2 mM BV or MV (modified after [110]). 

Cuvettes were flushed with 100% H2 and the potassium phosphate buffer was saturated with H2. 

Cell-free extract was added and the increase of absorption was followed at 578 nm or 340 nm. 

Acetoin:DCPIP dehydrogenase was assayed in 90 mM imidazole/HCl buffer (pH 7.2) containing 

0.08 mM thiamine pyrophosphate, 0.5 mM MgCl2, 0.065 mM DCPIP, and 2.5 mM acetoin [126]. 

DCPIP reduction was followed at 578 nm (ε= 17 mM-1 cm-1 [126,175]). 

 

Protein electrophoresis and activity staining 

One-dimensional SDS PAGE was done according to Laemmli [112]. Gel preparation, protein 

sample preparation, protein electrophoresis and two-dimensional (2D) SDS PAGE were 

performed according to our previously described protocols [149]. For PAGE analyses, 

P. carbinolicus cocultivated with the genome-sequenced M. hungatei strain JF1 were used to 

exclude possible misidentification of proteins. No contaminants were ever detected. Following 

observations in initial proteomic experiments, usage of Protease Inhibitor Cocktail P 8465 

(Sigma-Aldrich) was necessary. Cell-free extracts from P. carbinolicus were desalted by gel 

filtration with a PD-10 column (GE Healthcare Life Sciences). Isoelectric focusing was extended 

to a total of 60,000 Vh.  

Cytoplasmic extract of P. carbinolicus cells cultivated with ethanol was used to identify 

hydrogenases and formate dehydrogenases in activity staining experiments as described 

previously [149]. Activities of non-acetylating acetaldehyde dehydrogenases were assayed as 

for formate dehydrogenase but with 5 mM acetaldehyde as starting reagent. A rather long 

response time for this enzyme has been observed before [144] which also applied for 

P. carbinolicus activities in cuvette and activity staining test. Hence, the reaction was facilitated 

by adding 2 µl of freshly prepared, anoxic dithionite solution (about 50 mM).  
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Analytical methods 

Protein concentrations were measured according to Bradford [111]. Ethanol and acetate 

concentrations were measured by ion-exclusion HPLC as described before [105,176]. The 

HPLC system comprised an autoinjector (Gilson 234; Abimed), a high-pressure pump  

(LC-10AT vp, Shimadzu), an Aminex HPX-87H column (BioRad) heated to 40°C and a refraction 

index detector (RID-10A, Shimadzu). 5 mM H2SO4 was used as eluent at a flow rate of 0.6 

ml/min. Acetoin, acetate, and formate were determined using a Shimadzu Prominence HPLC 

system equipped with a photodiode array detector and an Aminex HPX-87H column (BioRad). 

5 mM H3PO4 was used as eluent at a flow rate of 1 ml/min. The column was heated to 60°C. 

Acetate and formate were detected at 200 ± 4 nm, acetoin at 274 ± 4 nm. This method was 

developed to increase the sensitivity of formate detection down to 10 µM. The measured 

concentrations of acetate were similar for both HPLC systems, which was useful as an internal 

reference. 

Methane was quantified by gas chromatography with a Carlo Erba GC 6000 (Carlo Erba) with a 

flame-ionization detector by injection of 100 µl sample from the headspace of cultures with gas-

tight syringes. Nitrogen was used as carrier gas on a packed CarboSieve column heated to 

120°C. Hydrogen was measured by gas chromatography with a Peak Performer 1 RCP (Peak 

Laboratories) using a reductive gas detector. The two inbuilt columns were heated to 105°C, the 

detector unit to 265°C. Nitrogen was used as carrier gas. The injected sample size was 100 µl. 

Besides syringe injection, a gas-tight, self-made pump-through system allowed automatic and 

highly reproducible injection directly from the culture headspace. 

 

Peptide mass fingerprinting and database search 

Protein bands of interest were excised and analyzed by peptide mass fingerprinting-mass 

spectrometry at the Proteomics Facility of Konstanz University as described previously [149]. 

The MASCOT engine (Matrix Science) [115] was used to match each peptide fingerprint against 

a local database of predicted protein sequences of the annotated genomes of P. carbinolicus 

(NCBI Reference Sequence: NC_007498.2; US DOE Joint Genome Institute; described in [44]) 

or M. hungatei JF1 (NCBI Reference Sequence NC_007796.1; US DOE Joint Genome Institute) 

to verify cell separation. With the applied procedure, score values of 50 or more are regarded as 

significant.  
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Chemicals  

Chemicals were of analytical quality and were obtained from Sigma-Aldrich, Roth or Fluka at. 

Gases were from Messer Griessheim and Sauerstoffwerke Friedrichshafen at a purity of at least 

99,999%. 
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SUPPORTING INFORMATION 

 

 

 

Fig. S1. Trace metal dependent growth of a Pelobacter acetylenicus/ Methanospirillum hungatei 

strain M1h coculture on 20 mM ethanol with 100 nM tungstate and 150 nM molybate (normal 

medium) (+W +Mo, squares), 100 nM tungstate only (+W -Mo, circles), 150 nM molybate only 

(-W +Mo, triangles) or without tungstate and molybate (-W -Mo, diamonds). Depicted are data 

obtained in triplicate cultures. 

Method of growing of P. acetylenicus/M. hungatei M1h under trace element limitation: Rubber-

stoppered 60 ml-serum bottles that were cleaned by acid and base treatment were extensively 

flushed with a mixture of N2/CO2 (80%/20%) to remove oxygen, and autoclaved with 100 µL 

water. Each bottle was filled by syringes with 30 ml medium prepared without tungstate and 

molybdate. All trace element limitation experiments were done with medium from the same 

batch. Each growth condition was checked in triplicate. The specially prepared medium 

contained 100 nM tungstate or 150 nM molybdate or both trace elements. Precultures for those 

experiments were grown without tungstate or molybdate once to avoid introduction of tungstate 

or molybdate to the media by the inoculum. For determination of acetate and ethanol 

concentrations, 200 µl samples were obtained for HPLC. Methane was measured by gas 

chromatography at the beginning and the end of the growth experiment. 
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Fig. S2. PAGE of soluble proteins of Pelobacter carbinolicus cells grown in coculture with 

Methanospirillum hungatei on 20 mM ethanol in media of different trace metal composition. In 

medium with standard trace metal composition (see material and methods section) and 

tungsten-supplemented medium (with 300 nM tungstate, W) the tungsten-dependent non-

acetylating acetaldehyde dehydrogenases are induced (band at 65 kDa). Under tungsten-limiting 

condition (with 150 nM molybdate, Mo) the molybdenum-dependent acetaldehyde 

dehydrogenase is induced (band at 120 kDa). 
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Fig. S3. Representative activity staining experiments (n = 3) to identify the non-acetylating 

dehydrogenase, hydrogenase and formate dehydrogenase following our previously described 

method [149]. Soluble extract from Pelobacter carbinolicus grown on 20 mM ethanol with 

different trace element supplements was used. Activity staining was performed anoxically in 

potassium phosphate buffer (50 mM, pH 7.5) with 2 mM benzyl viologen. Staining was started 

with 5 mM acetaldehyde, 5 mM formate or pure hydrogen gas, respectively. Addition of dithionite 

reduced response time of the enzyme reaction. Results of peptide mass fingerprinting are 

displayed in Table S1. The unmarked, second spot at the formate dehydrogenase staining 

developed before formate addition, probably due to hydrogen contamination of the gas phase. 
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Tab. S1. Results of peptide mass fingerprinting to identify spots that were stained by 

acetaldehyde dehydrogenase (AADH), formate dehydrogenase (FDH) and hydrogenase (H2ase) 

activity as shown in Fig. S3 under different growth conditions. A score value above 50 is meant 

to be significant. (Abbreviations: Fd = ferredoxin, dep. = dependent, su = subunit) 

Protein 
spot  

Staining 
activity 

Locus tag 
(Pcar_) 

Putative Annotation Score 
Sequence 

coverage (%) 

A1 AADH (Mo) 

0377 pyruvate:Fd oxidoreductase 172 18 

0220 aldehyde:Fd oxidoreductase 79 10 

1633 NAD(P)-dep. hydrogenase (Fe-only) 55 18 

1636 NADH dehydrogenase (su E) 54 31 

A2 AADH (Mo) 0220 aldehyde:Fd oxidoreductase 264 26 

A3 AADH (Mo) 
1604 NAD(P)-dep. hydrogenase (Fe-only) 141 18 

1633 NAD(P)-dep. hydrogenase (Fe-only) 140 23 

B1 AADH (W) 

0665 aldehyde:Fd oxidoreductase (Mo-dep.) 116 18 

1604 NAD(P)-dep. hydrogenase (Fe-only) 113 29 

0834 NADH:ubiquinone oxidoreductase 99 15 

0456 aldehyde:Fd oxidoreductase (W-dep.) 65 9 

1633 NAD(P)-dep. hydrogenase (Fe-only) 59 22 

0251 alcohol dehydrogenase 58 8 

B2 AADH (W) 

0665 aldehyde:Fd oxidoreductase (Mo-dep.) 148 14 

0251 alcohol dehydrogenase 134 31 

0456 aldehyde:Fd oxidoreductase (W-dep.) 79 18 

1634 NADH dehydrogenase (su F) 68 13 

1633 NAD(P)-dep. hydrogenase (Fe-only) 49 6 

B3 AADH (W) 

0665 aldehyde:Fd oxidoreductase (Mo-dep.) 152 14 

0255 alcohol dehydrogenase 143 20 

1594 alcohol dehydrogenase 69 12 

0835 NAD-dep. formate dehydrogenase (α su) 69 15 

C1 H2ase (W) 

0665 aldehyde:Fd oxidoreductase (Mo-dep.) 152 17 

0835 NAD-dep.formate dehydrogenase (α su) 75 15 

1594 alcohol dehydrogenase 48 18 

0255 alcohol dehydrogenase 45 18 

D1 H2ase (W) 

0220 aldehyde:Fd oxidoreductase 152 20 

1594 alcohol dehydrogenase 60 11 

1636 NADH dehydrogenase (su E) 43 31 

D2 H2ase (W) 

1636 NADH dehydrogenase (su E) 116 40 

0220 aldehyde:Fd oxidoreductase 61 8 

1846 NADH:ubiquinone oxidoreductase 43 13 

E1 FDH (W) 

1604 NAD(P)-dep. hydrogenase (Fe-only) 123 8 

1594 alcohol dehydrogenase 80 9 

1633 NAD(P)-dep. hydrogenase (Fe-only) 61 12 

1605 NAD(P)-dep. hydrogenase (Fe-only, cat. su) 44 10 



Degradation of acetaldehyde and its precursors in P. carbinolicus and P. acetylenicus 104 

 

Fig. S4. Growth of representative P. acetylenicus cultures degrading acetaldehyde (A) or 

ethanol (coculture with M. hungatei JF1; B,D) show same hydrogen or formate production and 

consumption pattern as the corresponding P. carbinolicus cultures (C, see Fig. 3 in main article). 

Inhibition of the methanogen by addition of 2-bromoethanesulfonate (BES, see arrow) and 

readdition of 20 mM ethanol as substrate (B) led to similiar levels of accumulated hydrogen and 

formate. (symbols: optical density (filled circles), ethanol (squares), acetate (triangles), hydrogen 

(open squares) and formate (open triangles)) 
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Fig. S5. Growth of Pelobacter carbinolicus in coculture with different methnogenic partners on 

20 mM ethanol: Methanobrevibacter arboriphilus (blue circles) and Methanospirillum hungatei 

M1h (red squares). Depicted are data obtained in triplicate cultures. 

Method of growing of P. acetylenicus plus M. arboriphilus or M. hungatei M1h: Rubber-stopped 

Hungate tubes filled with 10 ml brackish water medium were inoculated with 0.1 ml of both pure 

cultures grown on acetoin or CO2/H2 (20%/80%, 1 bar overpressure), respectively. Growth at 

30°C was detected as optical density at 600 nm in a tube spectrophotometer (M107, Camspec). 
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ELECTRON COMPROPORTIONATION AND REVERSE ELECTRON TRANSPORT DURING SYNTROPHIC 

ETHANOL OXIDATION BY PELOBACTER CARBINOLICUS 

Alexander Schmidt, Bernhard Schink, Nicolai Müller 

 

 

 

ABSTRACT 

The Pelobacter carbinolicus plus Methanospirillum hungatei coculture was used as model 

system to study syntrophic ethanol and acetaldehyde oxidation. In the cytoplasmic fraction of 

ethanol-grown P. carbinolicus cells, intermediary acetaldehyde was oxidized mainly to acetyl-

CoA. Hence, substrate-level phosphorylation appears to be the dominant mode of energy 

conservation. Besides this acetylating acetaldehyde dehydrogenase activity, a ferredoxin-

dependent acetaldehyde dehydrogenase activity could be detected. The function of an 

acetaldehyde:ferredoxin oxidoreductase in the metabolism of P. carbinolicus is still unclear. 

Hydrogen and formate for interspecies electron transfer were formed by comproportionating 

activities as predicted previously. The hydrogenase activity depended on flavin mononucleotide 

and confirmed the hypothesis of flavin-based bifurcation. Proteomics allowed the detection of an 

Rnf subunit once and several putatively Na+-dependent ATP synthase subunits in membrane 

preparations. Due to methodological comparisons to Acetobacterium woodii extracts, the 

expression of an Rnf complex in P. carbinolicus is, however, not proven finally. In theory, the 

expression of ATP synthases and an Rnf complex would enable reverse electron transport from 

NADH to ferredoxin, which both are the substrates of the comproportionating enzymes. 

Ferredoxin of Clostridium pasteurianum was used as substitute electron acceptor in all 

ferredoxin-dependent enzyme reactions. Protein purification allowed the enrichment and 

identification of Pelobacter carbinolicus ferredoxin (Pcar_2544) which had 44% sequence 

identity to C. pasteurianum ferredoxin.  

Syntrophic ethanol oxidation is not completely understood, yet. Several metabolic hypotheses 

were discussed to design experiments for future research. 
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INTRODUCTION 

 

A major topic in research on syntrophic relationships is interspecies electron transfer. In 

methanogenic biomass degradation, hydrogen and formate are assumed to be important 

electron carriers [19,177]. Research on syntrophic butyrate [149,178] and ethanol oxidation [179] 

indicated that hydrogen and formate are equally important as carriers in defined methanogenic 

cocultures. Pelobacter carbinolicus was used in pure culture or in coculture with 

Methanospirillum hungatei as a model system to understand the enzymology of syntrophic 

ethanol oxidation, based on previous biochemical studies [179]. 

Acetaldehyde is a central intermediate in the dissimilatory metabolism of P. carbinolicus and 

P. acetylenicus [179]. For pure cultures growing on acetaldehyde, we hypothesized 

acetaldehyde oxidation to acetyl-CoA as the main pathway. Acetyl-CoA is further converted to 

acetate yielding one ATP via substrate-level phosphorylation. Released NADH is recycled in 

pure culture by acetaldehyde reduction to ethanol. All needed enzymes are functionally identical 

with those needed for ethanol metabolism. However, proteomic proof of similar protein 

expression is still missing.  

During syntrophic ethanol oxidation, two enzymes were found to oxidize acetaldehyde: an 

acetylating, NAD+-reducing and a non-acetylating, benzyl viologen-reducing acetaldehyde 

dehydrogenase [179]. The latter activity could be assigned to putative acetaldehyde:ferredoxin 

oxidoreductases (Pcar_0220/0456/0665). However, the role of this activity remained unclear 

since it impedes ATP formation by substrate-level phosphorylation. Acetaldehyde:ferredoxin 

oxidoreductase activity was explained as an “emergency valve” to avoid toxic intermediary 

acetaldehyde concentrations caused by unnaturally high ethanol concentrations (20 mM) at the 

start of cultivation. This hypothesis could be examined if overfeeding conditions were avoided by 

chemostat cultivation. Previous experiments on this non-acetylating acetaldehyde 

dehydrogenase activity were conducted with benzyl and methyl viologen as unspecific electron 

acceptors. Sequence comparisons proposed ferredoxin as the physiological electron acceptor. 

As long as the native ferredoxin-like electron acceptor is unknown, ferredoxin of 

C. pasteurianum can be used as a routine substitute to mimic in vivo conditions [39,110,180]. 

Ferredoxin-dependent reactions can also be verified in enzyme tests using metronidazole, an 

antibiotic agent. Metronidazole is non-enzymatically but specifically reduced by ferredoxin  

[181-183]. 
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The previously predicted expression of a comproportionating hydrogenase in P. carbinolicus [40] 

could be verified by proteomic methods. On the basis of sequence comparisons, we predicted 

the expression of a comproportionating formate dehydrogenase [179]. Assays with ferredoxin 

and NADH might prove comproportionation of both enzymes. 

Release of electrons by comproportionating enzymes requires equimolar formation of NADH and 

reduced ferredoxin. Since both alcohol dehydrogenase and acetylating acetaldehyde 

dehydrogenase activity are NAD+-dependent, the question arose whether electrons of NADH 

could be transferred to ferredoxin. Such NADH:ferredoxin oxidoreductase activity, as found for 

Rnf-complexes [36], requires energy investment. The reverse reaction (ferredoxin:NAD+ 

oxidoreductase) is accessible without energy input and might allow facile biochemical detection. 

Besides enzyme assays, proteomic proof for the expression of an Rnf or Rnf-like complex in 

cytoplasmic membrane could substantiate reverse electron transport in ethanol oxidation. 
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RESULTS 

 

Enzyme assays with C. pasteurianum ferredoxin 

The dependency of acetaldehyde dehydrogenase activity on ferredoxin was assayed with 

metronidazole. Untreated cytoplasmic extract of P. carbinolicus was able to reduce 

metronidazole in the presence of acetaldehyde (Tab. 1). Addition of C. pasteurianum ferredoxin 

enhanced the metronidazole reduction activity fourfold. Depleting natural ferredoxin in the 

extract by gel-filtration decreased metronidazole-reducing activities slightly. Addition of 

coenzyme A, one substrate of the acetylating acetaldehyde dehydrogenase, had no influence on 

the activity. A metronidazole-independent assay measuring ferredoxin reduction directly at 

390 nm revealed activities in a similar range as detected for metronidazole reduction. 

 

 

Tab. 1. Specific non-acetylating acetaldehyde dehydrogenase activity in cytoplasmic extracts of 

P. carbinolicus measured with metronidazole (320 nm) or C. pasteurianum ferredoxin (Fd, at 

390 nm). (CoA = coenzyme A) 

Extract Specific activity (mU/mg) 
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non-gel-filtrated 27.1 ± 4.6 

gel-filtrated 19.0 ± 1.2 

gel-filtrated, CoA 26.1 ± 0.9 

non-gel-filtrated, Fd 92.5 ± 2.0 

gel-filtrated, Fd, CoA 95.9 ± 8.3 

gel-filtrated, Fd (390 nm) 125 ± 9 

 

 

Determination of kinetic enzyme parameters of acetylating and non-acetylating acetaldehyde 

dehydrogenase with physiological electron acceptors should help to rank the importance of both 

activities. The specific acetylating activity exceeded the ferredoxin-reducing activity by a factor of 

seven (Tab. 2). Both enzymes exhibited similarly high affinities for acetaldehyde with KM values 

of about 50 µM. However, the maximum rate of acetaldehyde oxidation VMAX was twofold higher 

for acetylating acetaldehyde dehydrogenases.  
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Tab. 2. Parameters of Michaelis-Menten kinetics of acetylating and non-acetylating 

acetaldehyde dehydrogenase activity in cytoplasmic fraction of P. carbinolicus. The Michaelis 

constant KM for acetaldehyde and the maximum rate of acetaldehyde oxidation VMAX was 

determined. (1 determined with ferredoxin (Fd) of C. pasteurianum; 2 determined with benzyl 

viologen, but recalculated as 2-electron transfer) 

Activity 
Acetylating,  

NAD+ reduction 
Non-acetylating,  
Fd reduction 

Cytoplasmic extract activity 912 ± 57 mU/mg 124 ± 9 mU/mg 1 

KM (acetaldehyde) 47 µM 54 µM 2 

VMAX (2-electron acceptor)  923 mU/mg 1020 mU/mg 2 

 

 

In cytoplasmic extracts of chemostat cultures grown on 20 mM ethanol, non-acetylating 

acetaldehyde dehydrogenase activity (measured with benzyl viologen) was reduced by a factor 

4 to 0.8 ± 0.1 U/mg. However, reference activities of hydrogenase (4.8 ± 0.6 U/mg) and 

acetylating acetaldehyde dehydrogenase (30 ± 12 mU/mg) were reduced by factor 15 and 50, 

respectively, compared to activities measured previously [179]. 

Further enzymes that were proposed to be ferredoxin-dependent are hydrogenase and formate 

dehydrogenase. Besides ferredoxin, NADH was hypothesized to be a further electron donor to 

these comproportionating enzymes. Ferredoxin-dependency and comproportionation could be 

detected in P. acetylenicus in reverse, coenzyme-reducing enzyme assays (Tab. 3). 

Hydrogenase and formate dehydrogenase were able to reduce ferredoxin as well as NAD+ 

alone. If both electron acceptors are present, NAD+-reduction was significantly increased. The 

addition of flavin mononucleotide (FMN), a cofactor of the well-investigated comproportionating 

hydrogenase of Thermotoga maritima [40], could increase the comproportionating hydrogenase 

activity by tenfold. However, supplemental FMN had no enhancing effect on comproportionating 

formate dehydrogenase activity. Addition of flavin adenine dinucleotide (FAD) had no effect 

(data not shown). Scans of absorption spectra in the range of absorption maxima of NADH and 

ferredoxin (335-395 nm) revealed the simultaneous reduction of both electron acceptors (data 

not shown). An equimolar stoichiometry of both reduction processes could not be substantiated 

in cell-free extract measurements yet. 
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Tab. 3. Effect of flavin mononucleotide (FMN, 100 µM) addition on hydrogenase and formate 

dehydrogenase activities in cytoplasmic extracts of P. carbinolicus. Both activities were assayed 

in reverse direction with ferredoxin (Fd, at 390 nm) or NAD+ (at 340 nm) or both (at 340 nm) as 

electron acceptors to verify the predicted comproportionation of both physiological electron 

acceptors. 

 Specific activity (mU/mg) 

Enzyme Fd reduction NAD+ reduction NAD+ reduction with Fd 

Hydrogenase 0.02 ± 0 3.9 ± 0.8 6.6 ± 2.2 

Hydrogenase (FMN) 3.4 ± 1.6 16 ± 1 60 ± 13 

Formate dehydrogenase 19 ± 1 1.3 ± 0.1 55 ± 2 

Formate dehydrogenase (FMN) 0.12 ± 0 6.3 ± 3.3 12 ± 1 

 

 

Comproportionating activities of hydrogenase and formate dehydrogenase were also measured 

in the physiological direction. Addition of excess ethanol and NAD+ to the cytoplasmic extract of 

P. carbinolicus resulted in formation of hydrogen (Fig. 1 A). If the cytoplasmic fraction was gel-

filtrated and thus contained less FMN and ferredoxin, no activity could be measured (Fig. 1 B). 

Addition of FMN to untreated cytoplasmic extract increased the measurable activity (Fig. 1 C) as 

observed in the enzyme assays in reverse direction. The activity in gel-filtrated extract could be 

reconstituted if FMN and ferredoxin were added in the presence of acetaldehyde as substrate for 

the ferredoxin-reducing acetaldehyde dehydrogenase (Fig. 1 D). Formate production could not 

be observed in any assay: formate concentrations remained constant at a range of 8.4 to 

16.8 µM. 

Untreated cytoplasmic fractions of P. carbinolicus exhibited ferredoxin:NAD+ oxidoreductase 

activity (Tab. 3). Removal of low molecular compounds by gel-filtration decreased the activity 

strongly. However, the activity could be restored by addition of 100 µM FMN, which is reported 

to be a cofactor of Rnf-complexes [37,180]. Cell-free extract containing cytoplasmic and 

membrane-associated proteins showed activity in the same range as cytoplasmic extract (data 

not shown) An activity enhancing effect of 2 mM Na+ as investigated for the Rnf-complex of 

Acetobacterium woodii [180] could not be observed in cell-free extract of P. carbinolicus (data 

not shown). Suspensions of non-washed membranes contained only a small fraction of the total 

activity (Tab. 3). 
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Fig. 1. Flavin mononucleotide- and ferredoxin dependency of hydrogen formation in the 

cytoplasmic fraction of P. carbinolicus cells grown on ethanol. 250 µg protein of either untreated 

(assays A and C) or gel-filtrated (assays B and C) cytoplasmic extract (CE) was added to 

ethanol-containing buffer (5 ml net volume). Assay buffer contained 100 µM flavin 

mononucleotide (FMN) (assays C and D) or was FMN-free (assays A and B). NAD+, 

C pasteurianum ferredoxin (Fd) and acetaldehyde (AcAld) were added to check for substrate-

dependency. The time points of addition were marked by the abbreviations of the supplements. 

The formate concentration remained constant at a range of 8.4 to 16.8 µM. 

 

 

 

Tab. 3. Specific ferredoxin:NAD+ oxidoreductase activity assayed with cytoplasmic and 

membrane fraction of P. carbinolicus and the effect of flavin mononucleotide (FMN, 100 µM). 

Extract Specific activity (mU/mg) 

non-gel-filtrated cytoplasmic fraction 14.1 ± 2.2 

gel-filtrated cytoplasmic fraction 0.92 ± 0.35 

gel-filtrated cytoplasmic fraction (FMN) 17.1 ± 2.9 

unwashed membrane fraction 2.1 ± 0.5 
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Enrichment of P. carbinolicus ferredoxin 

We enriched and identified the native ferredoxin of P. carbinolicus in an anoxic two-step 

purification procedure that had been worked out previously for a ferredoxin-like protein of 

P. acetylenicus [184] (Supporting information, Fig. S1 A). The isolated ferredoxin Pcar_2544 had 

44% sequence identity with the C. pasteurianum ferredoxin (GI:144806 [185]) used in our 

enzyme assays. All contained cysteine residues which constitute two electron-transferring Fe4S4 

clusters [162] are highly conserved with identical gap lengths in between (Supporting 

information, Fig. S1 B). Thus, we expect similar redox properties for these two ferredoxins. 

 

Proteomics 

Semi-quantitative whole extract proteomics could help to further assign proteins of interest in 

cytoplasmic as well as membrane fraction of P. carbinolicus (Tab. 4). The findings for the 

cytoplasmic fraction confirmed candidate proteins which had been detected previously [179]. All 

enzymes for ethanol oxidation (Pcar_0255/0251/1594), substrate-level phosphorylation 

(Pcar_2543/2544) and electron release as hydrogen (Pcar_1633-1635) and formate 

(Pcar_0834) could be identified again. Presence of candidate proteins of both acetylating 

(Pcar_1246/2758) and non-acetylating (Pcar_0220/0456/0665) acetaldehyde-oxidizing activities 

could be proven. The cytoplasmic fraction also contained subunits of several ATP synthases 

which are likely to be Na+-dependent (Supporting information Fig S2). Less proteins of interest 

were detected in non-washed membranes. Besides highly expressed cytoplasmic proteins such 

as alcohol dehydrogenases, only one subunit of an ATP synthase (Pcar_2995) and a pyro-

phosphate-energized Na+ pump (Pcar_2001), as a protein putatively involved in energy meta-

bolism, were identified. Expression of Rnf complex subunits or of enriched ferredoxin Pcar_2545 

could not be substantiated. As a methodological reference, similar whole extract proteomics of 

cell-free extract from A. woodii grown on fructose [180] was performed. Two subunits of the 

bioche-mically well-investigated Rnf complex of this bacterium could be detected: rnfC2 

(Awo_c09290, Fe4S4 cluster, score: 366) and rnfG (Awo_c22040, transmembrane helix,  

score: 48).  

Membrane-bound proteins such as ATP synthases can also be detected by dodecyl-maltoside 

extraction with subsequent SDS-PAGE as demonstrated previously [149]. In this study, 

thoroughly washed membranes of P. carbinolicus grown on acetaldehyde, ethanol or acetoin 

were incubated with this non-polar tenside. Extracts were analyzed by SDS-PAGE and peptide-

mass fingerprinting (Fig. 2, Tab. 5).  
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Tab. 4. Semi-quantitative proteomics of cytoplasmic and non-washed membrane fractions of P. 

carbinolicus grown on ethanol. Table depicts only putative dissimilation proteins of interest.  

(su = subunit) 

Locus tag 
(Pcar_) 

Putative annotation Score 
Seq. 

coverage 
(%) 

Cytoplasm 
   

0255 alcohol dehydrogenase (class IV) 35333 59 

1634 putative comproportionating hydrogenase (su) 30075 63 

0251 alcohol dehydrogenase (class IV) 29524 56 

1633 putative comproportionating hydrogenase (su) 27833 73 

1246 NAD-dependent aldehyde dehydrogenase (acetylating) 13643 67 

0456 aldehyde:ferredoxin oxidoreductase (W-dependent) 10692 39 

0665 aldehyde:ferredoxin oxidoreductase (W-dependent) 6455 41 

2543 acetate kinase 5933 62 

2758 NAD-dependent aldehyde dehydrogenase (acetylating) 5736 55 

1636 putative comproportionating hydrogenase (su) 5680 60 

0834 putative comproportionating formate dehydrogenase (su) 5586 41 

2542 phosphotransacetylase 3580 61 

1635 putative comproportionating hydrogenase (su) 1917 32 

2708 NADH dehydrogenase (su F) 1056 19 

3131 ATP synthase (su beta) 804 29 

0254 aldehyde:ferredoxin oxidoreductase 748 20 

1846 
cytoplasmic formate dehydrogenase-associated NADPH oxidoreductase 
(ferredoxin-like) 

491 32 

0330 2,3-butanediol dehydrogenase 437 17 

0220 aldehyde:ferredoxin oxidoreductase (Mo-dependent) 385 8 

0343 acetoin:DCPIP oxidoreductase (alpha su) 377 16 

0947/3133 ATP synthase (su alpha) 359 7 

Membrane 
   

0255 alcohol dehydrogenase (class IV) 1697 12 

2001 K+-stimulated pyrophosphate-energized Na+ pump 1579 16 

1501 glutamine synthetase 1391 18 

1634 putative comproportionating hydrogenase (su) 723 6 

0456 aldehyde:ferredoxin oxidoreductase (W-dependent) 458 10 

1594 alcohol dehydrogenase (class IV) 448 6 

1636 putative comproportionating hydrogenase (su) 351 30 

0255 alcohol dehydrogenase (class IV) 316 6 

2995 ATP synthase (su b 2) 167 14 
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Fig. 2. SDS-PAGE of dodecylmaltoside extracts of washed membranes of P. carbinolicus grown 

on acetaldehyde (AA), ethanol (EtOH) or acetoin (200 µg protein per lane). Soluble proteins of 

cytoplasmic fraction (SP) were applied as a reference. Lanes of interest were excised and 

identified by peptide-mass fingerprinting (results in Tab. 5). Figure shows edited details of 

interest, for original gel picture see Supporting information Fig. S3. 
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Tab. 5. Identification of protein bands from solubilized membrane (M}) or cytoplasmic fraction 

(S}) of acetaldehyde-grown P. carbinolicus (Fig. 2.) by peptide-mass fingerprinting. A score 

above 50 indicates significant findings. (su = subunit, Fd = ferredoxin) 

Protein 
spot (No.) 

Locus  
tag (Pcar_) 

Putative Annotation Score 
Seq. coverage 

(%) 

M1 2397 TonB-dependent receptor 165 32 

M2 3120 hypothetical porin 129 36 

M3 

1634 comprop. hydrogenase su 81 31 

1604 comprop. hydrogenase su 69 28 

2006 ATPase with chaperone activity 57 20 

M4 3009 hypothetical protein 149 39 

M5 
0492 ABC transporter 79 35 

1463 putative polysaccharide export protein 77 38 

M6 
2263 probable lambda CII protein 91 27 

0263 electron transport complex protein RnfC (Na+) 52 14 

M7 0335 hypothetical protein 72 22 

M8 0945 F0F1-type ATP synthase (su b) 40 17 

M9 2634 ABC transporter (ATP-binding) 34 10 

M10 1636 comprop. hydrogenase su 91 50 

S1 
0377 pyruvate Fd/flavodoxin oxidoreductase 622 46 

1957 pyruvate carboxylase 94 18 

S2 
0491 ethanolamine ammonia-lyase (large su) 675 74 

1175 catalase 345 47 

S3 

0456 aldehyde:ferredoxin oxidoreductase 512 61 

0254 aldehyde:ferredoxin oxidoreductase 268 46 

1633 comprop. hydrogenase su 231 39 

0345 dihydrolipamide acetyltransferase 177 47 

0491 ethanolamine ammonia-lyase (large su) 58 18 

S4 

2872 hydroxylamine reductase 660 70 

1246 alcohol dehydrogenase 280 42 

1501 glutamine synthetase 269 61 

0417 D-3-phosphoglycerate dehydrogenase 183 39 

0456 aldehyde ferredoxin oxidoreductase 61 23 

S5 
2758 NAD-dependent aldehyde dehydrogenase (acetylating) 700 74 

1634 comprop. hydrogenase su 309 58 

S6 0255 alcohol dehydrogenase 667 68 

S7 
0330 2,3-butanediol dehydrogenase 337 66 

0225 alcohol dehydrogenase 140 33 

S8 
0343 acetoin dehydrogenase (alpha su) 308 63 

0225 alcohol dehydrogenase 90 15 

S9 0344 acetoin dehydrogenase (beta su) 315 42 
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Washed membranes of ethanol-grown P. carbinolicus cells contained subunits of the putative 

comproportionating hydrogenase (spot M3 or M10, Tab. 5). The vast majority of identified 

proteins were membrane-bound proteins not linked to energy metabolism (like spot M1 or M5, 

Tab. 5). Spot M6 contained subunit C of an Rnf complex with low score value. The highly 

expressed protein in spot M8 excised from a lane with membrane extract of acetaldehyde-grown 

cells was identified as subunit b of an ATP synthase. However, the corresponding spot M9 

(growth on ethanol) cells did not contain this ATP synthase. With respect to the patterns of 

dominant lanes, the membrane extract of acetaldehyde-grown cells was highly similar to 

acetoin-grown cells. 

As a reference to membrane proteins, the so far uninvestigated soluble proteins of 

acetaldehyde-grown cells were analyzed (spots signed with S} in Tab. 5). The identified 

proteins comply with candidate proteins known from ethanol-grown cells. The identification of 

both acetylating acetaldehyde dehydrogenase (Pcar_2758, spot S5) as well as alcohol 

dehydrogenases (Pcar_0225/1246, spot S4, S7 and S8) support our previous results on 

acetaldehyde oxidation in pure culture [179]. However, the well-known candidates for non-

acetylating, acetaldehyde:ferredoxin oxidoreductase (Pcar_0254/0456, see Tab. 4) were 

expressed to similar extent in spot S3. Spots S3, S7, S8 and S9 contained the subunits of 

enzymes necessary for acetoin and butandiol degradation [128,129]. The inoculum for the 

acetaldehyde culture was obtained from acetoin-grown cells. 



Electron comproportionation and reverse electron transport in P. carbinolicus  118 

DISCUSSION 

 

Acetylating vs. non-acetylating acetaldehyde dehydrogenase 

A main goal of the present study was to evaluate the role of the previously found acetylating and 

non-acetylating acetaldehyde dehydrogenase activities [179]. We could confirm the annotation 

of the supposed acetaldehyde:ferredoxin oxidoreductase by enzyme measurements using 

C. pasteurianum ferredoxin as electron acceptor. Only few representatives of this enzyme family 

have been characterized biochemically so far [144,156-158]. Enzyme assays with 

C. pasteurianum ferredoxin helped to understand the actual substrate turnover using direct 

acetaldehyde oxidation. Considering the enzyme activities in cell-free extracts (Tab. 1), the vast 

majority (about 85%) of intermediary formed acetaldehyde should be oxidized to acetyl-CoA and 

fuel ATP synthesis via substrate-level phosphorylation. The kinetic parameters (substrate affinity 

and maximum rate) were similar for both activities in cytoplasmic extract. As putative 

physiological electron acceptor of the non-acetalyting acetaldehyde dehydrogenase ferredoxin of 

P. carbinolicus (Pcar_2544) could be identified. Its gene is located in the immediate vicinity of 

phosphotransacetylase (Pcar_2542) and acetate kinase (Pcar_2543) which both were identified 

in cytoplasmic extracts by proteomic analyses (Tab. 4). This correlation argues against a strict 

antagonism of both acetaldehyde-oxidizing enzymes. However, the role of 

acetaldehyde:ferredoxin oxidoreductase remains unclear. With regard to the unnaturally high 

substrate concentrations in the investigated ethanol-degrading cocultures, this activity was 

hypothesized as an “emergency valve” to minimize toxic intermediary concentrations of 

acetaldehyde [179] as proposed for a similar enzyme system [186]. This hypothesis was 

supported by the significant decrease of non-acetylating acetaldehyde dehydrogenase activity in 

cytoplasmic extracts of cells grown with ethanol in chemostat cultures. However, it is unclear 

whether the used chemostat set-up could provide appropriate cultivation condition since 

hydrogenase and acetylating acetaldehyde dehydrogenase activity were decreased as well. 

 

Comproportionating hydrogenase and formate dehydrogenase 

Experiments with C. pasteurianum ferredoxin further proved the predicted NADH- and 

ferredoxin-dependent comproportionation of the hydrogenase reaction in physiological and 

reverse direction [40,179]. The NAD+-dependent hydrogenase activity was measured the first 

time using a different highly sensitive spectrophotometer. Enzyme assays with addition of 

100 µM flavin mononucleotide (FMN) revealed that the comproportionating hydrogenase activity 
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depended on FMN. Enzyme tests assaying the physiological reaction of hydrogen synthesis 

revealed as well FMN- and ferredoxin-dependency of the hydrogenase (Fig. 1). The findings for 

formate dehydrogenase activity were ambiguous. The high NAD+-reducing activity of the reverse 

formate dehydrogenase reaction (Tab. 3) was observed previously [179]. The com-

proportionating formate dehydrogenase activity was decreased rather than increased by FMN 

addition. Formate production was not observed in the physiological direction probably due to 

inadequate assay conditions. However, the findings for the hydrogenase activity support the 

general concept that electron comproportionation or bifurcation, respectively, is based on flavin 

cofactors [38]. 

The benefit of electron pair comproportionation remains unclear since it requires an equimolar 

stoichiometric ratio of NADH and reduced ferredoxin. Direct oxidation of ethanol via NAD+-

dependent alcohol dehydrogenase and ferredoxin-dependent acetaldehyde dehydrogenase 

would provide the needed electron acceptors perfectly. Nonetheless, this simple pathway does 

not yield ATP. A ferredoxin-dependent acetylating acetaldehyde dehydrogenase can by 

experimentally excluded (Tab. 1) and would be energetically extremely difficult. A pathway via 

acetylating acetaldehyde dehydrogenase would allow ATP synthesis, as discussed above, but 

would not reduce the required ferredoxin. An NADH:ferredoxin oxidoreductase, i. e. an Rnf 

complex [36,180] encoded at gene loci Pcar_0260-0265 [123], was hypothesized to balance the 

pools of NADH and reduced ferredoxin. These membrane-bound complexes couple the 

mentioned redox reaction with the consumption of a proton or sodium ion gradient across the 

cytoplasmic membrane. The energy investment needed could be provided by an ATP synthase 

(as found in proteomic investigations, Tab. 4 and Tab. 5) using up part of the ATP gained in 

substrate-level phosphorylation. Enzyme tests revealed such an activity in cytoplasmic extracts 

in reverse direction (Tab. 3) although an Rnf complex-mediated activity is expected to be 

membrane-bound and to be Na+-dependent [180]. Proteomic proof for the expression of an Rnf-

complex was found only once at very low score (Tab. 5). Similar proteomics of A. woodii cell-free 

extract proved that at least the cytoplasmic subunit rnfC can be detected at acceptable score. 

Thus, the presence and ferredoxin-reducing activity of Rnf complexes in P. carbinolicus is 

questionable. 

In summary, none of the so far known and determined enzymes and activities can fully describe 

the pathway of ethanol oxidation. It is challenging to combine opposing hypotheses of a closed 

electron balance on one hand and synthesis of 0.3 to 0.5 mol ATP per mol ethanol (as 

determined before [136,179]) on the other. Three continuative working hypotheses could be 

derived from biochemical research so far: 
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Membrane-bound complex with Rnf-like function. As the A. woodii reference proteome 

reveals, proteomic detection of Rnf complexes is difficult even at high expression levels. 

Possibly, adjustment in the tryptic digestion or peptide extraction, e. g. longer incubation time or 

addition of higher trypsin concentrations could facilitate Rnf detection. If no Rnf complex proteins 

can be detected in extracts of P. carbinolicus, another likely membrane-bound complex could act 

like an Rnf complex. Misleading annotation of already detected membrane proteins might 

obfuscate the actual function. In this hypothesis, the redox potential of ferredoxin is expected to 

be rather high to minimize the energy investment of an NADH-to-ferredoxin energy transfer. The 

calculated redox potential of hydrogen or formate release (about -360 mV [179]) argues for a 

ferredoxin redox potential of about -400 mV, considering the NADH/NAD+ standard redox 

potential at -320 mV [20]. 

Comproportionating acetaldehyde:ferredoxin oxidoreductase. The direct oxidation of 

acetaldehyde to acetate is highly exergonic and can release electrons at low redox potential 

(E°’= -580 mV [157]). From an energetic point of view, the reduction of (high potential) ferredoxin 

could be used simultaneously to reduce a second ferredoxin by NADH oxidation. Elaborated 

regulation of both acetaldehyde-oxidizing activities in parallel could enable ATP synthesis as 

well as electron release via comproportionating enzymes. 

Membrane-energizing hydrogenase and formate dehydrogenase. The comproportionating 

enzymes hydrogenase and formate dehydrogenase could be part of an ion-pumping complex. In 

this scenario, the redox potential of ferredoxin should be similar to the redox potential of the 

acetaldehyde/acetate couple. The stored energy is somehow converted to an ion gradient at the 

cytoplasmic membrane. The tungsten dependence of the identified acetaldehyde:ferredoxin 

oxidoreductases (Pcar_0456 and Pcar_0665) argues for a low-potential ferredoxin and this 

hypothesis. The detected ion channel Pcar_2001 (Tab. 4) is a candidate for the transmembrane 

component of such a complex. The acetylating branch of acetaldehyde oxidation might play a 

role in carbon assimilation. Furthermore, the described hydrogenase/formate dehydrogenase 

complex might also accept NADH electrons in the absence of reduced ferredoxin if an ion 

gradient is maintained. Previous research postulated an ATP-dependent hydrogen release from 

NADH in cell-free extract of Pelobacter acetylenicus [139]. 
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Outlook 

The introduced working hypotheses help to identify projects of future research. The redox 

potential of purified native ferredoxin from P. carbinolicus should be determined using a 

potentiostat as performed previously [187]. The detected cytoplasmic ferredoxin:NAD+ 

oxidoreductase activity is worth to be enriched by FPLC to identify the correlating proteins. RNA 

could be isolated and copy DNA analyzed to find out if the Rnf genes were transcribed without 

applying proteomic methods. For detailed investigations on putative membrane-associated 

NADH:ferredoxin oxidoreductase, a mild cell lysis method for to produce intact membrane 

preparations should be established. In our previous study for example, Pelobacter acetylenicus 

cells were opened gently by mutanolysin, thus avoiding harsh French Press treatment [179]. 

Membrane complexes could also be investigated in enzyme assays with vesicle or reverse 

vesicles. Finally, only intact and energized membrane vesicles can prove the coupling of an ion 

gradient with NADH:ferredoxin oxidreductase or hydrogenase/formate dehydrogenase activity. 

The use of ion gradient-uncoupling reagents which are specific for protons or Na+ can further 

determine the so far proposed Na+ specificity of the ATP synthase and other hypothetical 

membrane components. 
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MATERIALS AND METHODS 

 

Source and cultivation of organisms 

All strains were taken from our own culture collection. P. carbinolicus (strain GraBd1, DSM 

2380) was cultivated in pure culture with acetoin (20 mM) or acetaldehyde as substrates. For 

syntrophic cocultures with 20 mM ethanol, Methanospirillum hungatei strain M1h (isolated from 

anoxic sediments of Lake Constance, Germany) was used. Preparation of anoxic sulfide-

reduced, bicarbonate-buffered medium and cultivation of P. carbinolicus and M. hungatei were 

described previously [179]. Acetobacterium woodii (DSM 1030) was a gift from Prof. Volker 

Müller (Goethe University Frankfurt am Main). This strain was grown in pure culture on 20 mM 

fructose as described previously [188,189]. Additionally, P. carbinolicus/M. hungatei M1h 

coculture was cultivated in a semi-sterile chemostat. A stirred 1-l coculture in late-exponential 

growth phase was fed continuously with fresh medium containing 20 mM ethanol. The feeding 

rate was 1 l fresh medium per generation time (about 40 h). Occasional addition of 0.5 mM 

Ti(III)nitrilotriacetic acid helped to sustain anoxic conditions. Substrate/product concentrations 

and optical density (578 nm) were checked daily. Cells were harvested after cultivation for four 

generations. 

 

Preparation of cell-free extracts from P. carbinolicus cultures 

The preparation of cell-free extracts, cytoplasmic extracts and membranes of P. carbinolicus 

was described before [179]. Preparation of cell-free extract from A. woodii followed similar 

procedures. Optional gel-filtration of the cytoplasmic fraction was conducted in an anoxic glove 

box with PD-10 columns (GE Healthcare Life Sciences) following the manufacturer’s description. 

Membranes were washed anoxically by suspending in potassium phosphate buffer (50 mM, pH 

7.5) with 3 mM DTT and subsequent ultracentrifugation at 100,000 × g for 60 min. 

 

Enzyme assays 

All enzyme assays were run anoxically in rubber-stoppered 1 ml-cuvettes at 30°C in a UV-VIS 

spectrophotometer (V-630, Jasco) and evaluated with the Spectra Manager software (version 

2.10.01, Jasco). Assays were run in triplicate. One unit was defined as 1 µmol substrate 

consumed or product formed per min and mg protein under the respective assay conditions. 

Benzyl viologen (ε = 8,65 mM-1 cm-1 [108]) was regarded as one-electron-acceptor [81], 
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metronidazole (ε = 9,31 mM-1 cm-1 [190]) as four-electron-acceptor [183], Clostridium 

pasteurianum ferredoxin (ε = 30 mM-1 cm-1 [191]) as two-electron acceptor [162]. Metronidazole-

reducing activities were measured with 100 µM metronidazole at 320 nm. Ferredoxin-reducing 

activity was measured with 5 ± 3 mM ferredoxin at 390 nm. Ferredoxin was purified from 

C. pasteurianum as described previously [192,193]. 

Non-acetylating acetaldehyde dehydrogenase (EC 1.2.1.3) or acetaldehyde:ferredoxin 

oxidoreductase (EC 1.2.7.5), respectively, was assayed as described previously [179] but 

replacing benzyl viologen optionally by metronidazole or ferredoxin. Acetylating acetaldehyde 

dehydrogenase (EC 1.2.1.10) assays were conducted as described previously [179]. Kinetic 

enzyme parameters, Michaelis constant KM and maximum rate VMAX, were determined in gel-

filtrated cytoplasmic extracts using a substrate range of 2 – 5000 µM acetaldehyde. VMAX of the 

non-acetylating acetaldehyde dehydrogenase was measured with benzyl viologen as electron 

acceptor. KM and VMAX were computed by regression in SigmaPlot (version 10.0, Systat 

Software). 

Hydrogenase (EC 1.18.99.1) and formate dehydrogenase (EC 1.2.1.2) activity were measured 

as described previously [179]. The reduction of NAD+ (2.5 mM) and/or ferredoxin was measured 

in reverse physiological direction omitting benzyl viologen addition. 100 µM flavin 

mononucleotide (FMN) was added optionally. Hydrogen and formate formation was detected in 

a discontinuous assay. The anoxic reaction vessel contained potassium phosphate buffer 

(50 mM, pH 7.5, with 3 mM dithiothreitol, 10 mM sodium bicarbonate and 100 µM FMN), 2 M 

ethanol, 250 mg protein of untreated or gel-filtrated cytoplasmic fraction, 500 µM NADH, 5 mM 

acetaldehyde and 1.4 mM ferredoxin (140 mM stock in water) to 5 ml final volume. The assay 

solution was stirred. Formate concentrations were measured by sampling before and after 

supplement addition. Hydrogen concentration was measured in the headspace (about 20 ml) but 

calculated as if hydrogen was dissolved in the buffer volume. Hydrogen and formate 

concentrations were determined as described previously [179]. 

NADH:ferredoxin oxidoreductase (1.18.1.3) assay with native ferredoxin reduction followed the 

example of [180]. The assay was conducted in Tris-HCl buffer (20 mM, pH 7.8, with 3 mM 

dithiothreitol). In a first step, ferredoxin was reduced by adding stoichiometric amounts of 

acetaldehyde using the physiological acetaldehyde dehydrogenase acitvity in cell-free extract. 

After complete oxidation of acetaldehyde, 250 µM NAD+ was added and NADH formation 

(ε = 6.29 mM-1 cm-1 [170], 340 nm) or ferredoxin reoxidation (at 390 nm) detected.  
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The enzyme test was conducted with cell-free extract, suspended membranes, untreated and 

gel-filtrated cytoplasmic fraction. The assay optionally contained 100 µM flavin mononucleotide 

or 2 mM NaCl. 

 

Enrichment of P. carbinolicus ferredoxin 

Native ferredoxin of P. carbinolicus was enriched using a procedure to enrich a small ferredoxin-

like protein from P. acetylenicus as described previously [184]. Purification was done anoxically 

on a fast protein liquid chromatography (FPLC) gradient system (Äkta, GE Healthcare). The 

protein content of the eluate was continuously measured at 280 nm. Untreated cytoplasmic 

extract (5 ml gained from 5 l culture) was applied to a self-packed DEAE-cellulose (DE52 

preswollen microgranular DEAE cellulose, Whatman) column (XK 16, Pharmacia, bed volume: 

18 ml) equilibrated with 50 mM Tris-HCl (pH 8.0 with 250 mM Na2SO4). Separation was 

performed at a flow rate of 1 ml per min. The eluate was fractionated every 10 ml. Two discrete 

brown protein moieties could be separated after most colourless and yellow protein was eluted. 

Brown fractions (presumably iron-sulfur proteins) were pooled and concentrated with centrifugal 

filter units (Amicon Ultra-15 with 10 kDa molecular weight cut-off, Millipore). Concentrated 

fractions were diluted in 50 mM Tris-HCl (pH 7.5, with 50 mM Na2SO4) and the volume was 

adjusted to 0.5 ml. Those fraction were applied to a Superdex 75 column (HiLoad 16/60, 

Pharmacia, bed volume: 50 ml) equilibrated with 50 mM Tris-HCl (pH 7.5, with 50 mM Na2SO4). 

Separation was performed at a flow rate of 1 ml per min. Fractions of interest were evaluated on 

the basis of ratio-of-extinction values at 390 nm and 280 nm (E390/E280), a common quality 

characteristic of ferredoxin enrichments [194]. This ratio is 0.75 to 0.8 for pure ferredoxin of 

C. pasteurianum [192]. The DEAE cellulose column was optionally washed with Triton X-100 

(0.1% in H2O, with 100 mM acetic acid) to remove insoluble grey precipitates. Both columns 

used were washed (5 bed volumes) with ethanol solution (20%) and stored in this ethanol 

solution. 

 

Analytical methods 

Protein concentrations were measured according to Bradford [111]. Concentrations of ethanol, 

acetate and formate were determined by HPLC and hydrogen by gas chromatography as 

described previously [179]. 
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Protein electrophoresis and identification 

SDS PAGE (according to Laemmli [112]) and the applied dodecyl β-D-maltoside solubilization 

method for membrane-bound proteins were described previously [149].  

All protein identification methods were provided as an internal service of the Konstanz University 

Proteomics Facility (http://www.proteomics-facility.uni-konstanz.de). Protein bands of interest 

were excised and analyzed by peptide mass fingerprinting-mass spectrometry as described 

previously [149]. Whole extracts and protein purification eluates were analyzed by reversed 

phase liquid chromatography tandem mass spectrometry (LC-MS/MS) an Esquire 3000 (Bruker 

Daltonics) or LTQ-Orbitrap mass spectrometer (Thermo Fisher). 

The Esquire 3000 mass spectrometer (Bruker Daltonics) was connected to an Agilent 1100 

HPLC. After sample injection, the column was washed for 5 min with 90% mobile phase A (0.1% 

formic acid) and 10% mobile phase B (0.1% formic acid in acetonitrile), and peptides were 

eluted using a linear gradient of 10% mobile phase B to 80% mobile phase B in 20 min at 50 

µL/min. The Esquire mass spectrometer was operated in a data-dependent mode in which each 

full MS scan was followed by three MS/MS scans where the three most abundant molecular ions 

were dynamically selected and fragmented by collision-induced dissociation. The LTQ-Orbitrap 

mass spectrometer (Thermo Fisher) was connected to an Eksigent nano-HPLC. After sample 

injection, the column was washed for 5 min with 95% mobile phase A (0.1% formic acid) and 5% 

mobile phase B (0.1% formic acid in acetonitrile), and peptides were eluted using a linear 

gradient of 5% mobile phase B to 40% mobile phase B in 65 min, then to 80% B in an additional 

5 min, at 250 nL/min. The LTQ-Orbitrap mass spectrometer was operated in a data-dependent 

mode in which each full MS scan (30 000 resolving power) was followed by five MS/MS scans 

where the five most abundant molecular ions were dynamically selected and fragmented by 

collision-induced dissociation using a normalized collision energy of 35% in the LTQ ion trap. In 

both LC-MS/MS methods dynamic exclusion was allowed. Tandem mass spectra were searched 

against the protein databases of P. carbinolicus (NCBI Reference Sequence: NC_007498.2, US 

DOE Joint Genome Institute [44]) and A. woodii (NCBI Reference Sequence: NC_016894.1, 

Göttingen Genomics Laboratory, Georg August University Göttingen [195]) using Mascot (Matrix 

Science, [115]) with “Trypsin/P” enzyme cleavage, static cysteine alkylation by iodoacetamide 

and variable methionine oxidation. Score values higher than 50 were regarded as significant.  

In our experience, the detection of ferredoxin from C. pasteurianum or P. carbinolicus by LC-

MS/MS was difficult. The routinely used protein digestion enzyme trypsin may not cleave 

ferredoxin properly (see Supporting information S1 B [196]). Digestion with pepsin [197] and 

adjusted Mascot search was used optionally.  
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Chemicals  

Chemicals were obtained from Sigma-Aldrich, Roth or Fluka at analytical quality. Gases were 

from Messer Griessheim and Sauerstoffwerke Friedrichshafen at a purity of at least 99,999%. 
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SUPPORTING INFORMATION 

 

 

A. 

 

B. 

   P. carbinolicus MNTLAHTITEDCINCGACDDSCPLGAIEEKGDARVIDADACTDCGACVDSCPVDAIKAD 

   C. pasteurianum ---MAYKIADSCVSCGACASECPVNAISQGDSIFVIDADTCIDCGNCANVCPVGAPVQE 

 

Fig. S1. A. Enrichment of P. carbinolicus ferredoxin Pcar_2544 via two-step FPLC. During the 

first FPLC with DEAE cellulose, two brown iron-sulfur protein bands could be separated. Both 

fraction were concentrated and further purified using a Superdex-75 column. 

A) Cytoplasmic fraction. 

B) Fraction 19 of purification on DEAE cellulose containing brown protein. 

C) Superdex-75 eluate of DEAE cellulose fraction 19 (E390/E280 = 0.20). The concentrated 

eluate exhibited benzyl viologen-dependent acetaldehyde dehydrogenase and hydrogenase 

activity. 

D) Fractions 22-23 of purification on DEAE cellulose containing further brown protein. 

E) Superdex-75 eluate of DEAE cellulose fractions 22-23 (E390/E280 = 0.71). The concentrated 

eluate exhibited only minor benzyl viologen-dependent acetaldehyde dehydrogenase and 

hydrogenase activity. The eluate contained ferredoxin Pcar_2544 as identified by peptide-

mass fingerprinting. 

B. Alignment of ferredoxin of Pelobacter carbinolicus (Pcar_2544, GI:77920137, 59 amino acids) 

and Clostridium pasteurianum (GI:144806 [185], 56 amino acids). P. carbinolicus ferredoxin was 

enriched according to a previously established method [184]. C. pasteurianum ferredoxin was 

purified routinely [192]. Both proteins exhibited 44% sequence identity (green and red amino 

acids). The cysteine residues forming two Fe4S4 clusters [162] are marked in green. Putative 

peptidase cleaving sites are marked: trypsin (blue [196]) and pepsin (yellow [197]). 

Marker    (A)          (B)       (C)         (D)          (E)      Marker 
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  Organism Alignment 
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Escherichia coli 

Vibrio cholerae 

Vibrio alginolyticus 

Bacillus subtilis 

Enterococcus hirae 
 

Acetobacterium woodii c3 

Acetobacterium woodii c1 

Propionigenium modestum 

Thermotoga maritima 
 

P. carbinolicus Pcar_0016 

P. carbinolicus Pcar_0952 

P. carbinolicus Pcar_2994 

 

 

-LAAIGAAIGIGILGGKFLEGAARQPDLIPLLRTQFFIVMGLVDAIPMI- 

-LCAVGTAIGFAVLGGKFLEGAARQPEMAPMLQVKMFIIAGLLDAVPMI- 

-LASLGTAIGFALLGGKFLEGAARQPEMAPMLQVKMFIIAGLLDAVPMI- 

-LGALGAGIGNGLIVSRTVEGIARQPEAGKELRTLMFMGIALVEALPII- 

-GAAIGAGYGNGQVISKTIESMARQPEMSGQLRTTMFIGVALVEAVPIL- 

 

-IAGVGPGIGQGFAAGKGAEAVGRQPEAQSDIIRTMLLGAAVAETTGIY- 

-VAGVGPGIGQGFAAGKGAEAVGKNPTKSNDIVMIMLLGAAVAETSGIF- 

-IAGIGPGVGQGYAAGKAVESVARQPEAKGDIISTMVLGQAIAESTGIY- 

-IGAIGPGIGEGNIGAHAMDAMARQPEMVGTITTRMLLADAVAETTGIY- 

 

-FGSLGTAIGQGLAVKSALEGVARNPGASGKILTTMMIGLAMVESLAIY- 

-IGSLGTGIGQGLAVKSALEGVARNPGASGKILTTMMIGLAMIESLAIY- 

-IGAIGPALGEGRALAQALAALAQQPDEANTITRTLFVGLAMVESTAIY- 

Fig. S2. Multiple amino-acid sequence alignment according to Dzioba et al. [87] in an attempt to 

predict the ion specificity of the ATP synthase of P. carbinolicus. The amino acid sequence 

motive of ATP synthase c-subunits that likely predicts Na+-binding, P-x3-Q-x32-E(S/T) [86,87] is 

conserved in all P. carbinolicus sequences. 

 

 

Fig. S3. Original unedited gel picture of the SDS-PAGE run depicted in Fig. 2. 
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GENERAL DISCUSSION 

 

The availability of genomic information on secondary fermenters such as Syntrophomonas wolfei 

or Pelobacter carbinolicus allowed new insights into syntrophic dissimilation. The syntrophic 

oxidation of butyrate and ethanol, respectively, by these species revealed interesting similarities 

as depicted in a simplified scheme in Fig. 1. 

Both suggested pathways contain two oxidation steps from the substrate to the final product 

acetate. Hydrogen and formate appear to be equal electron shuttles for interspecies electron 

transfer. Hydrogenases and formate dehydrogenases accept and bind the same cytoplasmic 

redox coenzymes (meaning EtfAB proteins, NADH or ferredoxin). ATP is formed by substrate 

level phosphorylation. However, the yielded ATP is used to form an ion gradient across the 

cytoplasmic membrane and is therefore quantized into three or four parts. In both pathways, the 

energy conserved in the ion gradient is invested into specific reverse electron transport 

mechanisms. For that reason, none of the investigated species can gain one full ATP per mol 

oxidized substrate. 

 

Syntrophic butyrate oxidation 

The proteomic investigation and enzyme tests of syntrophic butyrate oxidation in S. wolfei 

revealed unexpected metabolic features. A formerly proposed comproportionation of both 

electron pairs in a cytoplasmic enzyme complex [43] could not be confirmed. The finding of 

periplasm-oriented formate dehydrogenase and hydrogenase argued for a so far non-considered 

mechanism of reverse electron transport. The proton-pumping ATPase is thought to acidify the 

periplasmic space actively. Due to the high proton concentration outside the cell, the electrons of 

butyryl-CoA (E0’ = -125 mV) could be used for formate or hydrogen synthesis. The energy stored 

in those interspecies electron shuttles might be the same as in hydrogen and formate 

synthesized by NADH oxidation in the cytoplasm. The electron pairs of butyryl-CoA oxidation 

and 3-hydroxy butyryl-CoA are diverted to different enzyme complexes. 

Our findings were corroborated by a recent publication arguing for this new concept of reverse 

electron transport [178]. However, more biochemical work has to be done to prove the energy 

elevation of the low-energy electrons transported towards the periplasm. The purification or 

enrichment of the membrane-bound formate dehydrogenase or hydrogenase complex and tests 

for the pH-dependency of the respective reactions are desirable. Moreover, the role of the acidic 

surface layer protein needs to be studied in the future. 
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Syntrophic ethanol oxidation 

Although syntrophic ethanol oxidation is almost a classical biochemical topic, our recent 

investigations could not answer all questions. The biochemical proof of comproportionating 

hydrogenases and formate dehydrogenases to be present in P. carbinolicus confirmed former 

predictions on the basis of genomic data [40]. However, the benefit of such enzyme complexes 

is still a matter of debate. The proposed expression of an Rnf-like complex is a tempting 

hypothesis but this concept could not be confirmed by membrane proteomics so far. Other 

working hypotheses presented in the discussion section of chapter 4 require novel enzyme 

activities which are difficult to prove. In future, enzyme purification and sophisticated vesicle 

experiments should be performed. 

 

The present thesis demonstrates the use of genomic data to understand the biochemistry of 

syntrophic methanogenesis. However, acquiring and interpreting genomic data is only the 

starting point of new working hypotheses since not all genes identified are expressed and 

functional at the same time. In the age of inexpensive genome sequencing, elaborated 

biochemical research is needed even more to examine genomic information. 
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Fig. 1. Comparison of the major dissimilation pathways in Syntrophomonas wolfei (butyrate 

oxidizer) and Pelobacter carbinolicus or similarly P. acetylenicus (ethanol oxidizer) if cultivated 

with Methanospirillum hungatei. For more details on butyrate oxidation see also Fig. 4 in chapter 

2. The respective pathways are depicted in a simplified manner. During butyrate oxidation, 

butyrate is activated by a coenzyme A transfer reaction expending acetyl-CoA. The graph of 

ethanol oxidation contains a (so far) hypothetical Rnf-like complex and leaves out the function of 

the non-acetylating acetaldehyde dehydrogenase (see discussion in chapter 4). 
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