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1.1 One-carbon compounds:  their occurrence and importance in nature

The earth is an exceptional planet that harbors a wide diversity of life. In order to sustain life 
the six major building blocks of life, hydrogen, carbon, nitrogen, sulfur, oxygen, and phosphorous, 
are constantly recycled. The cycling is driven by geophysical processes and the combined 
metabolisms of all life forms. Carbon is cycled through all earth’s major carbon reservoirs, 
including the atmosphere, land, oceans and other aquatic environments. The global distribution 
of carbon transpires through carbon dioxide (CO2) in the atmosphere. CO2 is removed from the 
atmosphere by photosynthesis, performed by plants, algae and cyanobacteria, and CO2 fixation 
performed by chemolithotrophs. The organisms involved are able to generate organic matter 
from these carbon fixing reactions. Fixed carbon is eventually degraded by various organisms. 
Microorganisms play a major part in this, degrading organic matter eventually into CO2 and 
methane. Subsequently, CO2 returns to the start of the carbon cycle (Figure 1.1) 1.  
Like CO2 and methane, other C-1 compounds also play an important role in the carbon cycle. C-1 
compounds are compounds that have only one carbon atom. Other examples of C-1 compounds 
are carbon monoxide (CO), formate, methylamine, and methanol. CO2 is the highest oxidative 
state of carbon while methane is the highest reduced form of carbon. The oxidative state of other 
C-1 compounds can be found in table 1.1. C-1 compounds are present in different environments 
widely spread on earth because they are naturally and industrially produced (Figure 1.1). CO, 
for example, is produced by burning activities, volcanoes and hydrothermal vents, plants, animals, 
bacteria, photochemical and thermochemical degradation of organic matter in soils, marine 
sediments and aquatic systems 2-8. Methanol is present in soils, oceans and even the atmosphere 
9-12. The majority of methanol is a product of pectin and lignin degradation (part of the cell 
membrane of plant cells) by both aerobic and anaerobic bacteria 13, 14. 
One carbon compounds are excellent substrates for microbial growth. They can be used by a 
large variety of microorganisms, both aerobic and anaerobic. During my PhD I have predominantly 
worked with anaerobic CO, formate and methanol degradation. The biochemical reactions that 
can be performed by the anaerobic C-1 degrading microorganisms are presented in table 1.2. 
These reactions are catalyzed by enzyme systems, which, including the genes encoding the 
enzymes, form the basis of my research.  

Table 1.1: Examples of compounds with one carbon atom and their characteristics.

C1 compound Molecular formula Molecular mass 
(g/mol)

Carbon oxidation state

Carbon dioxide CO2 44 +4
Formate CHOO- 45 +2
Carbon monoxide CO 28 +2
Methylamine CH3NH2 31 -2
Methanol CH3OH 32 -2
Methane CH4 16 -4
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Table 1.2: Microbial anaerobic CO, formate and methanol degradation. Calculated from Thauer, et al. 15.
Methanogenic reactions

Reaction ∆G° (kJ/reaction)
4 CHOO- + H2O + H+  CH4 + 3 HCO3

-132

4 CO + 5 H2O  CH4 + 3 HCO3
- + 3H+ -195.6

4 CH3OH  3 CH4 + HCO3
- + H2O + H+ -316

HCO3
- + 4H2 + H+  CH4 +3 H2O -135.6

Acetate and hydrogen producing reactions

Reaction ∆G° (kJ/reaction)
CHOO- + H2O  HCO3

- + H2
+1.3

4 CO + 4 H2O  CH3COO- + 2 HCO3
- + 3 H+ -112.8

CO + 2 H2O  HCO3
- + H2 + H+ -15

CO + H2O  CHOO- + H+ -16.4

4 CH3OH + 2 HCO3
-  3 CH3COO- + 4H2O -220

CH3OH + 2 H2O  3 H2 +HCO3
- + H+ +23.5

CH3OH + 2 HCO3
-  3 CHOO- + H2O + H+ +19

2 HCO3
- + 4 H2 + H+ CH3COO- 4 H2O -104.6

HCO3
- + H2  CHOO- + H2O -1.3

Coupled to nitrate and sulfate reduction

Reaction ∆G° (kJ/reaction)
4 CHOO- + 2 H2O + NO3

- + 2H+  4 HCO3
- + NH4

+ -594.4

5 CHOO- + 2 NO3
- + 2 H+  5 HCO3

- + N2 + H2O -1114

4 CHOO- + SO4
2- + H+  4 HCO3- + HS- -146.7

4 CO + NO3
- + H+  NH4

+ -659.6

5 CO + 2 NO3
- + H+  N2 + 4 H2O -1180.5

4 CO + SO4
2-  HS- + 2 H2O -211.9

4 CH3OH + 2 H2O + 3 NO3
- +2 H+  4 HCO3

- +3 NH4
+ -1798.8

5 CH3OH + 6 NO3
- + H+  5 HCO3

- + 3 N2 + 8 H2O -3244

4 CH3OH + 3 SO4
2-  4 HCO3- + 3 HS- + H+ + 4 H2O -361.7

1.2 Anaerobic CO, formate and methanol utilizing microorganisms

C-1 compounds are present in different environments widely spread on earth. This is also true for 
CO, formate and methanol in many anaerobic environments. Therefore, the ability to grow with 
these compounds is also widespread among anaerobes, including many members of acetogens, 
sulfate reducing bacteria and archaea. 
Multiple genera of acetogenic bacteria contain species that degrade both formate and methanol, 
including Acetoanaerobium, Acetobacterium, Butyribacterium, Clostridium, Eubacterium, Moorella, 
Sporomusa, and Thermoacetogenium. In sulfate-reducing bacteria the ability to grow with formate 
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and methanol is less frequent. Formate can be used as a sole carbon and energy source by 
multiple sulfate-reducing bacteria that completely oxidize their substrates to CO2. However, 
some sulfate-reducing bacteria can also grow with formate, but need a small amount of acetate as 
an additional carbon source. Methanol is not a common substrate among sulfate-reducing bacteria 
but can be degraded by some species of Desulfosporosinus, Desulfobacterium, Desulfotomaculum 
and Desulfovibrio 123-135. 
In archaea formate and methanol are degraded by many methanogenic strains. Members of the 
orders Methanobacteriales, Methanococcales, Methanomicrobiales and Methanopyrales grow with 
H2/CO2 as substrates, but many of the species can also oxidize formate to form methane. Most 
Methanosarcina species can utilize both H2/CO2 and methyl compounds, like methanol, but not 
formate. Members of the genera Methanolobus, Methanococcoides and Methanohalophilus grow 
exclusively with methyl compounds.
Growth with CO depends strongly on the concentration of CO. Many acetogenic genera, 
including Acetobacterium, Butyribacterium, Clostridium, Eubacterium, Moorella, and Sporomusa, contain 
species that can utilize CO as a sole carbon and energy source when it is present in less than 
100%. However, the amount of acetogenic species that can grow with 100% CO is significantly 
less. CO utilizers in sulfate-reducing bacteria and archaea are less common. Moreover, species 
that can grow with 100% CO are even more uncommon. Isolated anaerobic species that can 
grow with 100% CO are Thermincola carboxydophila 17, Thermincola ferriacetica 17, Carboxydocella 
sporoproducens 44, Carboxydocella thermautotrophica 48, Desulfotomaculum carboxydivorans 41, 
Moorella thermoacetica strain AMP 206, Moorella stamsii 40, Carboxydothermus hydrogenoformans 74, 
Carboxydothermus siderophilus 43, Caldanaerobacter subterraneus subsp. pacificus 17, Thermosinus 
carboxydivorans 40, Thermolithobacter carboxydivorans 45, Carboxydobrachium pacificum 46. 

Figure 1.1: Schematic overview of the global carbon cycle. The microbial activity presented involves aerobic 
and anaerobic microorganisms 1-14.
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1.3 Carbon monoxide

Carbon monoxide (CO) is a colorless and odorless gas, which is toxic for humans and animals, 
and also to many microorganisms. The toxicity of CO to microbes is due to its binding to 
metal-containing redox enzymes, which can result in the interruption of electron transport 
chains 17. Interestingly, CO is an intermediate of the acetyl-CoA pathway (Figure 1.2), which is 
used by several anaerobes to degrade compounds to acetate or to fix CO2 

18-20. The pathway 
contains two branches, a methyl branch and a carbonyl branch. In the methyl branch five enzymes 
catalyze the reduction of CO2 by six electrons to generate methyl tetrahydrofolate (CH3-THF). 
Subsequently, the CH3 is transferred via a corrinoid iron-sulfur protein (CFeSP) to the binding site 
of the carbon monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS) enzyme complex. 
The carbonyl branch is created by the reduction of CO2 to CO, catalyzed by the CODH of 
the CODH/ACS complex. CO is introduced to the acetyl-CoA synthase, which catalyzes the 
generation of acetyl-CoA from CO, CH3 and CoA 21. The reverse reactions of this pathway are 
used by several organisms to degrade acetate 22.

acetate

ATP
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CoA
Pi

acetyl-CoA

cell carbonacetyl-P

PAT

AK
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CH3CFeSP
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Figure 1.2: Acetyl-CoA pathway. Enzymes in this figure are in bold italic. Abbreviations: CODH, carbon-
monoxide dehydrogenase; AcsB, acetyl-CoA synthase; AK, acetate kinase; CFeSP, iron-sulfur protein; CH3, 
methyl; PAT, phosphate acetyltransferase; THF, tetrahydrofolate; MT, methyltransferase.
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Additional to CO as an intermediate product, both aerobic as anaerobic microbes can use 
CO as a sole carbon and energy source 23. They do so by coupling CO oxidation to oxygen 
reduction 24, nitrate reduction 25, sulfate reduction 26, 27, hydrogenogenesis 28, acetogenesis 29 
and methanogenesis 30, 31. The enzyme involved in aerobic and anaerobic CO oxidation is called 
CO dehydrogenase (CODH). The genes that code for the aerobic CODH are designated cox 
genes and the gene encoding the catalytic subunit of the anaerobic CODH is the cooS gene. 
Metagenomic and cooS sequencing studies 11, 32-35 showed that the cooS gene can be found in many 
phylogenetically different microorganisms that inhabit different environments, which suggests the 
global importance and distribution of anaerobic microbial CO utilization.

1.3.1 Carbon monoxide dehydrogenase
Anaerobic CO oxidation is catalyzed by a nickel containing CODH in a wide diversity of 
prokaryotes and is an important process within the global carbon cycle. The anaerobic CODH 
catalyzes the following reaction: 

CO + H2O  CO2 + 2H+ + 2e-

The electrons generated by the oxidation of CO can be coupled to reduction reactions like 
CO2 reduction to CH4 

31, 36 and acetate 31, 37, sulfate reduction 38, fumarate reduction 39, metal 
reduction 40, or the production of hydrogen 40-48. This leads to different end products in different 
microorganisms due to different CODH complexes. Acetate production from CO degradation 
for example involves the same bifunctional CODH complex also involved in the acetyl-CoA 
pathway. It contains domains catalyzing both the oxidation of CO to CO2 (CODH) and the 
formation of acetyl-CoA (acetyl-CoA Synthase) 49. In hydrogen producing CO utilizers a different 
CODH complex is involved. This complex contains both CODH subunits and hydrogenase 
subunits. 

1.3.2 CODH and ECH complex
Extensive studies were done on the phototrophs Rhodocyclus gelatinosus and Rhodospirillum 
rubrum and the methanogen Methanosarcina barkeri in relation to their CO metabolism 31, 50-70. 
These microorganisms were described to grow with CO as the sole carbon and energy source 
53, 54, 67. Due to an energy converting hydrogenase (ECH) hydrogen is produced during growth 
with CO and protons are translocated, creating a proton gradient across the cell membrane. 
The ECH of Rhodospirillum rubrum and Methanosarcina barkeri were purified and characterized 64, 

69, 70. The CODH/ECH complex is membrane bound and cytoplasmic oriented 71. The electrons 
generated by the CODH catalytic subunit are transported to the ECH via a 4[Fe4-S4] cluster 
containing protein, encoded by cooF 51, 56, 59, 72. A similar system was described in Carboxydothermus 
hydrogenoformans 73. This organism can also couple hydrogen production to CO oxidation. 
Moreover, it was the first organism to have its genome sequenced, which revealed multiple 
CODH complexes, including a CODH/ECH complex (Figure 1.3) 74. 
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Figure 1.3: CODH-ECH (CODH I) complex in Carboxydothermus hydrogenoformans. The operon (A) 
contains the CODH genes (red) and the ECH genes (blue). The cooC and the hypA gene encode proteins 
involved in the nickel insertion into the CODH catalytic subunit (cooS) and the hydrogenase catalytic 
subunit (cooH), respectively 60, 63, 75. The cooA gene is the CO-sensing transcriptional activator 50, 76. B shows 
the membrane bound complex as it was proposed by Hedderich 72. The letters in the subunits and the 
color coding are similar as shown in A. Moreover, predicted iron-sulfur clusters and metal-binding sites 
are indicated.

1.3.4 Different carbon monoxide dehydrogenase complexes
The genome of the hydrogenogenic carboxydotroph Carboxydothermus hydrogenoformans revealed 
five genes coding for the CODH catalytic subunit (cooS) and neighbor genes that were thought 
to form five CODH complexes, CODH I-V 74, 77. These authors assigned functions to four of the 
five complexes: energy conservation (CODH I), NADPH generation (CODH II), carbon fixation 
(CODH III), and oxidative stress (CODH IV). The fifth cooS does not have any neighbor genes 
with obvious roles in CO-related processes. 
Recently, the regulation of the CODH/ECH (CODH I) and CODH/ACS (CODH III) operons, by 
two CO-sensing transcriptional activators cooA-I and cooA-II, were studied in C. hydrogenoformans 
78. The cooA-II is a bifunctional regulator capable of regulating both the CODH I and CODH III 
operon. In contrast cooA-I only regulates the CODH/ECH operon. Moreover, cooA-II can bind CO 
in lower concentration compared to cooA-I. This suggests that the multiple cooA genes support 
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an efficient use of CO applied at different concentrations. In CO limiting conditions the cooA-
II regulation leads to expression of both the CODH I as the CODH III complex. When CO 
concentrations increase the CODH I complex is induced due to additional regulation by cooA-I 78.
More CO utilizing bacteria have multiple CODH complexes encoded in their genome. The 
function of these complexes is not always known. This is also true for how they are regulated. 
Additional to C. hydrogenoformans more microorganisms have two cooA genes 78, which suggests 
that also in those microorganisms regulation of the complexes could be CO-concentration 
dependent. In Methanosarcina acetivorans C2A however, transcriptional regulation of two CODH/
ACS complexes was suggested to involve a cooS gene that lacked other CODH neighbor genes. 
Since direct transcriptional regulation is unlikely, it was suggested it could be part of a catabolite 
responsive signal transduction pathway 79. It is clear that more research is necessary to better 
understand the regulation and the function of different CODH complexes.

Parshina and co-workers 42 described the first sulfate-reducing bacterium that can grow with 100% 
CO and forms H2 and CO2 as products; Desulfotomaculum carboxydivorans strain CO-1-SRB. In 
general, sulfate reducers are sensitive to CO 80, but some known thermophilic  Desulfotomaculum 
species can grow well at relatively high CO concentrations 38. Chapter 2 describes the genome of 
D. carboxydivorans and D. nigrificans. Two closely related species that differ in their CO metabolism.       

1.4 Methanol

Methanol is an important compound, not only in nature as part of the carbon cycle, but also 
for human activity. Methanol is used frequently in industry as a building block for chemicals 
81 and it is proposed as a substitute for fossil fuels 82. Methanol can also be used to improve 
biodegradation processes. Studies indicated that the presence of methanol accelerated the 
biodegradation of pollutants in industrial wastewater by mixed bacterial consortia, e.g. n-hexane84 
and dichloromethane 85. Moreover, several studies showed that the addition of methanol enhances 
dechlorination of hexachlorocyclohexane, a toxic and carcinogenic pollutant that can be found in 
different environments worldwide 83,214,215. In these studies methanol showed better results than 
other electron donors. Furthermore, the addition of methanol can be used in the treatment of 
nitrate, phosphorous and sulfate rich wastewater 86-91, 216. For wastewaters with low volatile fatty 
acids content, an external carbon addition is necessary. As methanol is a cheap compound it will 
not increase the treatment costs significantly. Moreover, pharmaceutical wastewater can have 
high concentrations of methanol 84 and can therefore be used as a methanol source, treating both 
wastewaters simultaneously. The importance of methanol degrading microorganisms in these 
application purposes makes it essential to study their methanol metabolism.
Methanol degradation is performed by aerobic and anaerobic microorganisms that degrade 
methanol via the use of different pathways. The most common pathways described for methanol 
metabolism involve a methanol dehydrogenase, predominantly used by aerobes and facultative 
anaerobes, and a methanol methyltransferase system. The latter is mainly used by anaerobes, 
including methanogens and acetogens. The methanol metabolism in sulfate-reducing bacteria 
has been poorly studied. It is not clear which methanol-degrading pathway they use. This section 
describes the different enzymes involved in methanol metabolism.  
1.4.1 Methanol dehydrogenase
The use of a methanol dehydrogenase (MDH) to grow with methanol as a sole carbon and 
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energy source is mainly found in aerobes and facultative anaerobes. These bacteria use the MDH 
to oxidize methanol to formaldehyde. Many different MDHs have been found. The main difference 
is between Gram-positive and Gram-negative methanol utilizers. The Gram-positive bacteria 
use NAD(P) dependent MDHs that are present in their cytoplasm 14, while the Gram-negative 
bacteria use a pyrroloquinoline quinone (PQQ) dependent MDH that resides in their periplasm92.     
The periplasmic PQQ-dependent MDH uses a cytochrome c to transport electrons. Methanol 
is oxidized by the reduction of the PQQ cofactor. Subsequently, the PQQH2 is oxidized by 
transferring two electrons, one at the time, to cytochrome c 102. There are different types of 
MDHs that use PQQ as a cofactor, the so called MxaFI-MDH, MDH2, and XoxF-MDH. The 
MxaFI-MDH is more extensively studied. The crystal structure of the MxaFI-MDH has been 
described for Methylobacterium extorquens 93-96,207, Methylophilus species 97-100, Paracoccus denitrificans 
208, Hyphomicrobium denitrificans 209, and Methylophaga aminisulfidivorans 210, which revealed the α2β2 
tetramer structure with two 66 kDa α subunits (mxaF) and two β subunits (mxaI) of 8.5 kDa. 
Each α subunit contains a PQQ cofactor and a Ca2+ ion 101. Recently, the crystal structure of the 
XoxF-MDH has been described for Methylacidiphilum fumariolicum and showed the presence of 
a lanthanide at the catalytic site 211. A recent review describes the phylogenetic  relationship, the 
similarities and the differences of the PQQ-dependent MDHs 212.
In Gram-positive bacteria a PQQ independent MDH is involved in methanol oxidation. These 
MDHs are NAD(P) dependent and have more similarity to NAD(P) dependent alcohol 
dehydrogenases (ADH) than the PQQ dependent MDH. From the three families of NAD(P) 
dependent ADHs the MDHs described in Gram-positive bacteria are part of the ADH III family. 
Three NAD(P) dependent MDHs have been described 14. The MDH of the Gram-positive Bacillus 
methanolicus C1 contains ten identical subunits and each subunit contains one zinc, one or two 
magnesium ions, and a tightly bound NAD(H). In addition to this NAD(H) cofactor the MDH 
requires exogenous NAD as coenzyme. The cofactor NAD acts as an electron acceptor during 
methanol oxidation, while coenzyme NAD is responsible for the re-oxidation of the cofactor 
103-107. An ADH was found in Amycolatopsis methanolica and Mycobacterium gastri that consists of 
three components, of which component 1 has been identified as a methanol N,N’-dimethyl-4-
nitrosoaniline oxidoreductase (MNO). The MNO component catalyzes the oxidation of methanol 
108-110. In A. methanolica another MDH is present that oxidizes methanol in the presence of an 
artificial electron acceptor DCPIP 111. However, not much is known about this MDH.

1.4.2 Methanol methyltransferase system
Methanogens and homoacetogenic bacteria use a methanol methyltransferase system to utilize 
methanol. This system uses two methyltransferases  to transfer the methyl group from methanol 
to coenzyme M (CoM) in methanogens, and to tetrahydrofolate (THF) in homoacetogens. 
The conversion of methanol to methane via CoM is extensively studied in Methanosarcina barkeri. 
The two methyltransferases, also called MT1 and MT2, were purified and characterized 112-115. Van 
der Meijden and co-workers showed that MT1 consists of two subunits in an α2β structure. 
These two subunits were designated MtaB and MtaC 116. MtaB catalyzes the cleavage of the C-O 
bond of methanol and the transfer of the CH3 group to a corrinoid bound to MtaC. The MT2, 
consists of only one subunit (MtaA), which catalyzes the transfer of the CH3 bound to MtaC to 
CoM 112, 114, 117. Part of the created CH3-CoM is oxidized to CO2 in order to generate electrons 
for methane production (Figure 1.4A).
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In the homoacetogens Sporomusa ovata and Moorella thermoacetica the synthesis of a corrinoid 
protein is induced during growth with methanol 118-120, suggesting its importance in methanol 
metabolism. Das and co-workers 120 showed that in M. thermoacetica the methanol metabolism 
resembled that of the methanogenic archaea, consisting of  three homologous subunits of MtaA, 
B and C. The genes coding for the M. thermoacetica MtaB and MtaC are positioned next to each 
other in the genome and are simultaneously transcribed 120, 121. During methanol metabolism 
in S. ovata the methyl group was transferred to THF 122. However, the MtaA protein was never 
described in S. ovata. Chapter 3 describes the methanol metabolism in Sporomusa strain An4 a 
strain closely related to S. ovata.        
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Figure 1.4: Methyltransferase systems described in Methanocarsina barkeri for the conversion of methanol 
(A) and trimethylamine (TMA), dimethylamine (DMA) and monomethylamine (MMA) (B) into methane.
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1.4.3 Tri-,di-, mono-methylamine methyltransferases
A similar methyltransferase system as described for methanol metabolism has been described 
for the methylamine compounds, trimethylamine (TMA), dimethylamine (DMA), and (mono-)
methylamine (MMA) in Methanosarcina barkeri. The proteins involved are the TMA, DMA and MMA 
specific methyltransferases (MttB, MtbB and MtmB, respectively) and their corrinoid proteins 
(MttC, MtbC and MtmC, respectively) 136-140. There is one methyltransferase (MtbA) involved in 
the transfer of the CH3 group bound to the corrinoid protein to CoM in the degradation of all 
three amine compounds (Figure 1.4B) 141. The methyltransferase systems of TMA, DMA, MMA, 
and methanol are very similar, but are substrate specific. Kratzer et al. 142 monitored transcript 
levels of the mta, mtt, mtb and mtm genes in Methanosarcina mazei during growth with either 
TMA or methanol. The results indicated increased amounts of mRNA of the mtt, mtb and mtm 
genes during TMA degradation and increased mRNA levels from the MtaBC1, MtaBC2, and 
MtaBC3 genes in methanol-grown cells. Moreover, the substrate specificity of the mttB, mtbB and 
mtmB for TMA, DMA and MMA, respectively was described in Methanosarcina barkeri 136-138. The 
substrate specificity and the different methyltransferase systems in general in the homoacetogen 
Sporomusa strain An4 will be discussed in Chapter 3. 

1.4.4 Methanol metabolism in sulfate-reducing bacteria
In sulfate-reducing bacteria the methanol metabolism has not been extensively studied. It is 
not clear whether sulfate-reducing bacteria also use a methyltransferase system or if they use 
a MDH. Sulfate-reducing bacteria described to be able to utilize methanol are: Desulfosporosinus 
orientis 123, Desulfobacterium catecholicum 124, Desulfobacterium aniline 125, Desulfovibrio carbinolicus 126, 
Desulfovibrio alcoholivorans 127, and nine Desulfotomaculum strains 128-133. Recently, the genomes of 
Desulfosporosinus orientis 134and Desulfotomaculum reducens 135 have become available. This enables 
a first look at the methanol metabolism of these strains. The genome of Desulfosporosinus orientis 
contains both methanol methyltransferase and multiple alcohol dehydrogenase genes, while the 
genome of Desulfotomaculum reducens lacks methanol methyltransferase genes. The genome of 
Desulfotomaculum kuznetsovii was also sequenced. A description of the genome can be found in 
Chapter 4 and a proteome analysis was performed to assess the methanol metabolism of D. 
kuznetsovii  (Chapter 5).

1.5 Formate

Formate is an important compound involved in several anaerobic processes, for example the 
acetyl-CoA pathway, and many fermentation reactions. In the acetyl-CoA pathway formate 
functions as an intermediate. It is generated by the reduction of CO2 in the first reaction 
of the methyl branch (Figure 1.2). In fermentation reactions like, sugar fermentation, citrate 
fermentation and oxalate fermentation formate can be end product or an intermediate 143-146. The 
fermentation of glucose by Escherichia coli, for example, uses a pyruvate formate-lyase to convert 
pyruvate to acetyl-CoA and formate 217. Subsequently, the formate is converted to hydrogen and 
CO2 by a formate hydrogen lyase 218.
Additionally, formate is an excellent substrate for growth in many microorganisms. Enzymes 
involved in formate utilization, for example the formate dehydrogenase (FDH), can be found 
in many microbes 147, 148, indicating the widespread occurrence in nature. Moreover, formate is 
besides hydrogen involved in interspecies electron transfer in microbial communities. The best 



Chapter 1

18

studied and generally accepted electron carrier in syntrophic interaction is hydrogen. However, 
already in the late eighties the first evidence was presented for the involvement of formate in 
interspecies electron transfer 149, 150, and the importance of formate as an electron carrier has 
become more apparent over the years 151-155. 
Syntrophy is the cooperative growth between two microorganisms that degrade a substance 
neither can degrade alone, for example by the removal of inhibiting products by the partner 
organism. In anaerobic environments the syntrophic interaction between bacteria and methanogens 
is important 156, 157. Although studies have shed some light on how these microorganisms can 
cooperate, it is still important to assess what makes it possible for some bacteria to grow 
syntrophically while others cannot and how important the role of formate is in this process. 
In Chapter 6 the importance of formate as interspecies electron transfer during syntrophic 
butyrate and propionate degradation is discussed.

1.5.1 Interspecies electron transfer
Methanogens cannot utilize complex organic compounds but use acetate, H2/CO2, and formate 
as their main substrates 158. Therefore, bacteria are essential to form these methanogenic 
substrates from organic compounds. However, the production of these substrates by bacteria, 
when using compounds like propionate and butyrate, is thermodynamically only feasible when 
the concentrations of the products are kept at a low concentration by the methanogens. This 
is called interspecies electron transfer. Interspecies hydrogen transfer is the most studied and 
commonly accepted form of electron carrier. However, the importance of the C-1 compound 
formate as an electron carrier has become more apparent 156. The redox potential of the proton / 
hydrogen couple (-414 mV) is slightly higher than the redox potential of the CO2 / formate couple 
(-432 mV) and several studies on syntrophic propionate and butyrate growth showed better 
syntrophic growth with methanogens that can grow on both hydrogen and formate compared 
to sole hydrogen consumers 159-163. The preference of hydrogen or formate in syntrophic fatty 
acid degrading communities has not been clear thus far, but a syntrophic relationship in which 
both hydrogen and formate can be transferred would be more flexible than when only hydrogen 
is transferred 164. 

1.5.2 Reverse electron transfer
Although in propionate and butyrate oxidation the overall reaction is exergonic in syntrophic 
production of hydrogen or formate, two individual reactions in the pathways remain endergonic. 
These are the oxidation of succinate to fumarate in the propionate metabolism and the conversion 
of butyryl-CoA to crotonyl-CoA in the butyrate metabolism. However, syntrophic bacteria can 
still perform these endergonic reactions thanks to a mechanism called reverse electron transfer. 
Reverse electron transfer enables investment of a fraction of ATP or ion gradient in order to 
perform the endergonic reaction 167, 168. Multiple reverse electron transfer mechanisms have been 
described over the years and their importance in syntrophic communities was shown 155, 163, 165, 166. 
In syntrophic propionate metabolism the endergonic succinate oxidation to fumarate is 
performed by a cytoplasmic oriented membrane-bound succinate dehydrogenase that was 
described to couple the reaction via a menaquinone loop to formate formation by a periplasmic 
oriented membrane bound formate dehydrogenase (Figure 1.5A) 155, 169. During these reactions 
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two protons from the membrane potential are invested. A similar system was recently described 
for the conversion of butyryl-CoA to crotonyl-CoA in Syntrophomonas wolfei. The cytoplasmic 
butyryl-CoA dehydrogenase transfers its electrons via an etfAB complex and a membrane 
bound DUF224 protein to a menaquinone cycle and further via a b-type cytochrome to an 
extracytoplasmic oriented membrane bound formate dehydrogenase. To couple these reactions 
S. wolfei would need a small investment of energy 163. In addition to reverse electron transfer 
there are other enzyme complex systems that seem to play an important role in syntrophy, called 
bifurcating enzyme complexes and Rnf-complexes. 
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Figure 1.5: Enzyme complexes involved in reverse electron transport and energy conservation: a 
fumarate reductase coupled to formate formation (A), the Rnf complex (B), a bifurcating/confurcating 
formate dehydrogenase (C), and a bifurcating/confurcating hydrogenase (D). Predicted iron-sulfur 
clusters, other metal-binding sites and cofactors are indicated. Moreover, α-, β-, and γ-subunits are 
depicted. Abbreviations: FAD, flavin adenine dinucleotide; Fd, ferredoxin; FMN, flavin mononucleotide; MK, 
menaquinone.
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1.5.3 Energy conserving enzyme complexes
Rnf-complexes are membrane bound electron transport complexes. The rnf genes were 
first described in Rhodobacter capulatus 170 and later in several other microorganisms 170-181. In 
Acetobacterium woodii the Rnf complex consists of six different subunits, RnfCDGEAB 182 and is 
the first Rnf complex biochemically shown to transfer its electrons from reduced ferredoxin 
to NAD+ 182. This electron transport is coupled to sodium translocation over the membrane 
creating a membrane potential (Figure 1.5B) 183. In Clostridium ljungdahlii the electron transport 
is coupled to proton translocation 184. Many syntrophic metabolizers have rnf genes encoded 
in their genome, which leads to the suggestion that they have an important role in syntrophic 
lifestyle 185. During syntrophic interaction the Rnf complex would function in the opposite 
direction, functioning as a reverse electron transport complex 176, 186. It was confirmed for A. 
woodii that its Rnf complex can perform both reactions 183. Hess et al. used an ATP hydrolysis to 
create a sodium gradient in membrane vesicles. Subsequently, the sodium content in the vesicles 
dropped after the addition of NADH in the presence of oxidized ferredoxin 183. 
Bifurcating enzyme complexes catalyze three redox reactions to conserve energy. Described 
bifurcation (and the reversed reaction termed confurcation) enzyme complexes are the butyryl-
CoA / electron transfer flavoprotein complex of Clostridium kluyveri 175, the [FeFe]-hydrogenase 
complex of Thermotoga maritima and Acetobacterium woodii (187, 188, Figure 1.5D), and the formate 
dehydrogenase complex in Clostridium acidurici (189, Figure 1.5C). Recently, a genome comparison 
analysis of syntrophic bacteria was performed. This analysis indicated that many syntrophs 
contained confurcating hydrogenases and FDHs in their genome, suggesting their importance 
in syntrophy 185. 

Many of these enzyme complexes described above are coupled to hydrogen or formate formation 
and therefore support the importance of interspecies hydrogen and formate electron transfer 
in syntrophy. 

1.5.4 Syntrophic growth with C1 substrates
1.5.4.1 Syntrophic anaerobic oxidation of methane
The most studied, but still poorly understood, syntrophically degraded C-1 compound is 
methane, in a process called anaerobic oxidation of methane (AOM). Ocean sediments produce 
large amounts of methane each year but nearly nothing reaches the atmosphere, because most 
of it is consumed by anaerobic microorganisms. AOM coupled to sulfate, iron, manganese and 
nitrate reduction have been demonstrated 190-192. The microorganisms responsible for AOM are 
anaerobic methanotrophic archaea (ANME) that presumably use similar enzymes as the ones 
that catalyze CO2 reduction to CH4 in methanogens but in reverse 192. Until now no isolation 
has been established of either the ANME or the bacteria involved in the syntrophic interaction. 
However, several studies have identified multiple ANME groups 193-196 and several bacteria present 
in AOM consortia 195-204, predominantly in AOM coupled to sulfate reduction since this is the 
most studied AOM interaction. How AOM is coupled to sulfate reduction remains unresolved, 
since no intermediate has of yet been described.   

1.5.4.2 Syntrophic formate and methanol degradation
Formate can be degraded by syntrophic communities 205. Formate oxidation coupled to hydrogen 
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production is exergonic when formate oxidation is coupled to methane production (Table 1.2). 
For the syntrophic formate oxidizer and the methanogen to share the energy generated in such 
a manner that both organisms gain enough to grow, low hydrogen concentrations are essential. 
Syntrophic formate degradation was described for Desulfovibrio sp. strain G11 and Moorella 
thermoacetica strain AMP. It is hypothesized that an extra-cytoplasmic formate dehydrogenase 
is coupled to a membrane integrated, cytoplasmic oriented hydrogenase, which generates a 
proton motive force that drives ATP synthesis 205. To what extend and in what types of anaerobic 
microbial environments syntrophic formate degradation can compete with formate degradation 
by methanogens is unknown. 
Moorella thermoacetica strain AMP can also grow syntrophically with methanol. When cobalt and 
vitamin B12 are omitted from the medium strain AMP can only grow with methanol in syntrophic 
association with Methanothermobacter thermautotrophicus strain NJ1. In this co-culture methane, 
and nearly no acetate, was formed as end-product 206. How syntrophic methanol degradation 
can be coupled to methane production is not extensively studied. Hydrogen and formate could 
both function as interspecies electron carriers, since the production of hydrogen and formate 
from methanol oxidation are endergonic reactions that can turn exergonic when coupled to 
methane production (Table 1.2). 

1.6 Outline of the thesis

One carbon compounds have a ‘simple’ molecular structure but it is evident that they play 
an important role in nature and society. Moreover, there are many different anaerobes that 
can grow with C-1 compounds. The research described in this thesis aims to get a better 
understanding of the metabolism of one-carbon compounds by anaerobic microbial communities. 
The proteins involved, and the genes encoding these proteins, in the metabolism of C-1 degraders 
in pure-culture and in syntrophic interactions form the basis of this thesis. This was established 
by performing genome sequencing and analysis studies together with proteomic analysis in 
acetogenic and sulfate reducing bacteria.
CO metabolism was studied in two-sulfate reducing Desulfotomaculum species, D. nigrificans and 
D. carboxydivorans by means of a genome comparison (Chapter 2). They can both degrade CO 
but their CO metabolism is different. D. nigrificans can grow with 20% CO coupled to sulfate 
reduction and D. carboxydivorans can grow with 100% CO with and without sulfate. Moreover, 
hydrogen is produced during CO degradation by D. carboxydivorans. Chapter 2 describes the 
differences and similarities between the two genomes and the CO metabolism.
Chapters 3 to 5 describe the methanol metabolism in an acetogenic bacterium and a sulfate-
reducing bacterium. The physiology of the acetogenic bacterium, Sporomusa strain An4, is studied 
by combining genome and proteome analysis (Chapter 3). Strain An4 was grown under five 
different conditions for comparative proteomics, including growth with H2 and CO2, methanol, 
methanol and nitrate, betaine, and fructose. The genomic and proteomic results allow for a 
better understanding of the physiology of strain An4 and its methanol metabolism. The methanol 
metabolism of the sulfate-reducer Desulfotomaculum kuznetsovii was studied in Chapter 4 
by searching the genome for genes that could be involved in the degradation of methanol. 
Subsequently, a proteomic analysis was performed to assess which proteins are produced during 
growth with methanol (Chapter 5).
The genome of D. kuznetsovii is also compared to the genome of Pelotomaculum thermopropionicum 
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(Chapter 4). In contrast to D. kuznetsovii, P. thermopropionicum is known for its ability to grow 
with propionate and ethanol in syntrophic association with methanogens. D. kuznetsovii couples 
propionate and ethanol degradation to sulfate reduction, but cannot grow in syntrophic 
association with methanogens in the absence of sulfate. Moreover, P. thermopropionicum cannot 
reduce sulfate. The genome comparison was aimed to compare two relatively closely related 
species that differed in their syntrophic capacity to find genes that could be specific for a 
syntrophic lifestyle. This concept was extrapolated in Chapter 6, by including more genome 
sequences of bacteria that can and bacteria that cannot grow with butyrate and propionate in 
syntrophic association with methanogens. This chapter describes the importance of formate as 
an electron carrier in syntrophic butyrate and propionate degradation and tries to identify key 
genes in syntrophy.
Finally, the results of the work presented in this thesis and the future perspectives are discussed 
in Chapter 7.
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2.1 Abstract

Desulfotomaculum nigrificans and D. carboxydivorans are moderately thermophilic members of 
the polyphyletic spore-forming genus Desulfotomaculum in the family Peptococcaceae. They are 
phylogenetically very closely related and belong to ‘subgroup a’ of the Desulfotomaculum cluster 1. 
D. nigrificans and D. carboxydivorans have a similar growth substrate spectrum; they can grow with 
glucose and fructose as electron donors in the presence of sulfate. Additionally, both species are 
able to ferment fructose, although fermentation of glucose is only reported for D. carboxydivorans. 
D. nigrificans is able to grow with 20% carbon monoxide (CO) coupled to sulfate reduction, while 
D. carboxydivorans can grow at 100% CO with and without sulfate. Hydrogen is produced during 
growth with CO by D. carboxydivorans. Here we present a summary of the features of D. nigrificans 
and D. carboxydivorans together with the description of the complete genome sequencing and 
annotation of both strains. Moreover, we compared the genomes of both strains to reveal their 
differences. This comparison led us to propose a reclassification of D. carboxydivorans as a later 
heterotypic synonym of D. nigrificans.

2.2 Introduction

In 1965, the genus Desulfotomaculum was created for sulfate-reducing bacteria that form heat-
resistant spores 1. One of the first species that was included in this new genus was D. nigrificans 
Delft 74, which was originally described as “Clostridium nigrificans” by Werkman and Weaver 
(1927) 2. Later, Starkey (1938) renamed it to “Sporovibrio desulfuricans” 3 before it was finally 
renamed as D. nigrificans 1. D. nigrificans is a moderate thermophile that typically grows with 
fructose and glucose coupled to sulfate reduction 1-4; without sulfate, only growth with fructose 
was observed. Utilizing sugars is rare among Desulfotomaculum species. Additionally, D. nigrificans 
was described to be able to grow with a number of other substrates including lactate, ethanol, 
alanine, formate, and carbon monoxide (20%) coupled to sulfate reduction 5, 6.
Another moderately thermophilic Desulfotomaculum species that can grow with glucose and 
CO is D. carboxydivorans CO-1-SRB 6. D. carboxydivorans was isolated from sludge in an anaerobic 
bioreactor treating paper mill wastewater 6 and was described to be the first sulfate-reducing 
bacterium able to grow at 100% CO. D. carboxydivorans converted CO in the presence and 
absence of sulfate and produced hydrogen during CO conversion. D. carboxydivorans can also 
grow with glucose. In contrast to D. nigrificans, D. carboxydivorans degrades glucose both with and 
without sulfate.
Phylogenetically, D. carboxydivorans is most closely related to D. nigrificans. However, D. nigrificans is 
not able to produce hydrogen from CO. Therefore, by comparing the genomes of these strains, 
the physiological differences might be explained. Here we present a summary of the features 
of D. nigrificans and D. carboxydivorans, together with the description of the complete genome 
sequencing and annotation of both strains. Moreover, we compared the genomes of both strains 
to reveal differences between these phylogenetically very closely related strains. This comparison 
led us to propose to that D. carboxydivorans is a later heterotypic synonym of D. nigrificans.

2.3 Classification and features

Comparison of the 16S rRNA gene sequences of D. carboxydivorans CO-1-SRB DSM 14880 and 
D. nigrificans DSM 574 revealed that the two bacteria are highly related (99% sequence similarity). 
Both strains are part of the Desulfotomaculum cluster 1 subgroup a, together with D. aeronauticum, 
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D. putei, D. hydrothermale, “D. reducens” and D. ruminis (Figure 2.1).
D. nigrificans and D. carboxydivorans are Gram-positive, sulfate-reducing, rod shaped bacteria 
with rounded ends (0.3-0.5 μm thick and 3-6 μm long 1; 0.5-1.5 μm thick and 5-15 μm long 6, 
respectively (Figure 2.2 and Figure 2.3). They have a similar temperature range for growth and 
can both grow optimally at 55°C. Additional similarities can be found in the substrates used for 
growth. Both D. nigrificans and D. carboxydivorans can grow with fructose, glucose and alanine. 
These substrates are incompletely oxidized to acetate, coupled to sulfate reduction. Other 
suitable electron acceptors in addition to sulfate are thiosulfate and sulfite. Neither nitrate nor 
elemental sulfur are used as electron acceptors.

1h

1b

1f

Desulfotomaculum aeronauticum (X98407)

Desulfotomaculum putei (AF053929)
Desulfotomaculum hydrothermale (EF081293)
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Desulfotomaculum ruminis (AB294140)

Desulfotomaculum nigrificans CO-1-SRB (CP002736)
Desulfotomaculum nigrificans (X62176)
Desulfotomaculum alkaliphilum (AF097024)

Desulfotomaculum halophilum (U88891)
Desulfotomaculum acetoxidans (CP001720)

Desulfotomaculum sapomandens (AF168365)

Desulfotomaculum thermosapovorans (Z26315)
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Sporotomaculum syntrophicum (AB076610)
Desulfotomaculum geothermicum (Y11567)

Desulfotomaculum gibsoniae (AJ294431)
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Cryptanaerobacter phenolicus (AY327251)
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Figure 2.1: Neighbor joining tree based on 16S rRNA sequences showing the phylogenetic affiliation of 
Desulfotomaculum and related species divided in the subgroups of Desulfotomaculum cluster 1. DSM 
574 and DSM 14880 are in bold type. The sequences of different Thermotogales were used as outgroup, 
but were pruned from the tree. Closed circles represent bootstrap values between 75 and 100%. The 
scale bar represents 10% sequence divergence.
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In the absence of an electron acceptor, D. nigrificans is able to grow by fermentation of fructose 
and pyruvate 7. Additionally, D. nigrificans has been reported to grow with lactate and ethanol 
in syntrophic interaction with Methanobacterium thermoautotrophicum 5. Syntrophic growth of 
D. carboxydivorans has never been tested. D. carboxydivorans is able to grow in the absence of an 
electron acceptor with CO (100%), pyruvate, lactate, glucose and fructose 6. The cellular fatty 
acid patterns of the two strains were analyzed by Parshina et al. 6 and Krishnamurthi et al. 8. Both 
fatty acid patterns are similar and the dominating fatty acids were identified as 16:0, iso 15:0, iso 
17:0, anteiso 15:0, 18:0 and iso 16:0. Collins and Weddel 9 analyzed the respiratory lipoquinone 
content of D. nigrificans DSM 574 and found MK7 as the predominant isoprenoid quinone. 
A summary of the classification and general features of D. nigrificans and D. carboxydivorans is 
presented in Table 2.1 and 2.2, respectively.

Figure 2.2: Scanning electron microscopic photograph of DSM 574

Figure 2.3: Scanning electron microscopic photograph of DSM 14880
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Table 2.1: Classification and general features of D. nigrificans DSM 574 according to the MIGS 
recommendations 10.
MIGS ID Property Term Evidence codea

Current 
classification

Domain Bacteria
Phylum Firmicutes
Class Clostridia
Order Clostridiales
Family Peptococcaceae
Genus Desulfotomaculum
Species Desulfotomaculum nigrificans
Type strain Delft 74

TAS 11

TAS 12-14

TAS 15, 16

TAS 17, 18

TAS 18, 19

TAS 1, 18

TAS 1, 18

Gram stain negative, with a Gram-positive cell wall structure

Cell shape rods, rounded ends, sometimes paired TAS 1

Motility Slight tumbling, peritrichous flagella TAS 1

Sporulation oval, terminal or subterminal, slightly swelling the 
cell

TAS 1

Temperature 
range

30-70 °C TAS 1

Optimum 
temperature

55 °C TAS 1

Carbon source glucose and other carbohydrates TAS 1, 4, 5

Energy source heterotrophic TAS 1, 4, 5

Electron 
acceptor

sulfate, thiosulfate and sulfite. TAS 4

MIGS-6 Habitat soils, compost heaps, thermal spring
water, spoiled foods.

TAS 1

MIGS-6.3 Salinity not reported

MIGS-22 Oxygen obligate anaerobic TAS 1

MIGS-15 Biotic 
relationship

free living TAS 1

MIGS-14 Pathogenicity none TAS 1

MIGS-4 Geographic 
location

Delft, The Netherlands

MIGS-5 Sample 
collection time

MIGS-4.1 Latitude 52.011

MIGS-4.2 Longitude 4.360

MIGS-4.3 Depth not reported
Evidence codes - TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS: Non-
traceable Author Statement (i.e., not directly observed for the living, isolated sample, but based on a 
generally accepted property for the species, or anecdotal evidence). Evidence codes are from the Gene 
Ontology project 20.
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Table 2.2: Classification and general features of D. carboxydivorans DSM 14880 according to the MIGS 
recommendations 10.
MIGS ID Property Term Evidence codea

Current 
classification

Domain Bacteria
Phylum Firmicutes
Class Clostridia
Order Clostridiales
Family Peptococcaceae
Genus Desulfotomaculum
Species Desulfotomaculum carboxydivorans
Type strain CO-1-SRB

TAS 11

TAS 12-14

TAS 15, 16

TAS 17, 18

TAS 18, 19

TAS 18, 19

TAS 18, 19

Gram stain negative, with a Gram-positive cell wall structure TAS 6

Cell shape rods, rounded ends, sometimes paired. TAS 6

Motility twisting and tumbling motion TAS 6

Sporulation oval, terminal or subterminal TAS 6

Temperature 
range

30-68°C TAS 6

Optimum 
temperature

55°C TAS 6

Carbon source 100% CO, with and without sulfate TAS 6

Energy source hydrogenogenic and heterotrophic growth TAS 6

Electron 
acceptor

sulfate, thiosulfate and sulfite. TAS 6

MIGS-6 Habitat Paper mill waste water sludge

MIGS-6.3 Salinity 0-17 g NaCl l-1 TAS 6

MIGS-22 Oxygen obligate anaerobe TAS 6

MIGS-15 Biotic 
relationship

free living TAS 6

MIGS-14 Pathogenicity none

MIGS-4 Geographic 
location

Eerbeek, the Netherlands TAS 6

MIGS-5 Sample 
collection time

1999 TAS 6

MIGS-4.1 Latitude 52.104217 TAS 6

MIGS-4.2 Longitude 6.060133 TAS 6

MIGS-4.3 Depth not reported
Evidence codes - TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS: Non-
traceable Author Statement (i.e., not directly observed for the living, isolated sample, but based on a 
generally accepted property for the species, or anecdotal evidence). Evidence codes are from the Gene 
Ontology project 20.
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2.4 Genome sequencing and annotation

2.4.1 Genome project history
D. nigrificans and D. carboxydivorans were selected for sequencing in the DOE Joint Genome 
Institute Community Sequencing Program 2009, proposal 300132_795700 ‘Exploring the genetic 
and physiological diversity of Desulfotomaculum species’. They are important for their position 
in subgroup a of the Desulfotomaculum cluster 1. Sequencing the complete genome of the two 
strains was proposed as it would allow the study of the genetic and physiological diversity within 
subgroup a. Furthermore, a comparison of the two genomes should reveal the genes involved 
in CO metabolism and the H2 production in D. carboxydivorans. The genome projects of D. 
nigrificans and D. carboxydivorans are listed in the Genome OnLine Database (GOLD) 21 as project 
Gi03933 and Gc01783, respectively. The two complete genome sequences were deposited in 
Genbank. Sequencing, finishing and annotation of the two genomes were performed by the 
DOE Joint Genome Institute (JGI). A summary of the project information of D. nigrificans and D. 
carboxydivorans is shown in Table 2.3.

2.4.2 Growth conditions and DNA isolation
D. nigrificans and D. carboxydivorans were grown anaerobically at 55oC in bicarbonate buffered 
medium with lactate and sulfate as substrates 6. DNA of cell pellets was isolated using the 
standard DOE-JGI CTAB method recommended by the DOE Joint Genome Institute (JGI, Walnut 
Creek, CA, USA). Cells were resuspended in TE (10 mM tris; 1 mM EDTA, pH 8.0). Subsequently, 
cells were lysed using lysozyme and proteinase K, and DNA was extracted and purified using 
CTAB and phenol:chloroform:isoamylalcohol extractions. After precipitation in 2-propanol and 
washing in 70% ethanol, the DNA was resuspended in TE containing RNase. Following a quality 
and quantity check using agarose gel electrophoresis in the presence of ethidium bromide, 
and spectrophotometric measurement using a NanoDrop ND-1000 spectrophotometer 
(NanoDrop® Technologies, Wilmington, DE, USA).

Table 2.3: Genome sequencing project information of DSM 574 and DSM 14880.
MIGS ID Property Term (for DSM 574) Term (for DSM 14880)

MIGS-31 Finishing quality Permanent draft Finished

MIGS-28 Libraries used Three genomic libraries: 454 
standard library, 454 PE libraries 
(7kb insert size), one Illumina 
library

Four genomic libraries: one 454 
pyrosequence standard library, 
two 454 PE libraries (4kb and 
11 kb insert size), one Illumina 
library

MIGS-29 Sequencing 
platforms

Illumina GAii, 454 GS FLX 
Titanium

Illumina GAii, 454 GS FLX 
Titanium

MIGS-31.2 Fold coverage 462.8 × Illumina; 35.2 × 
pyrosequence

116.8 × Illumina; 50.6 × 
pyrosequence

MIGS-30 Assemblers Newbler version 2.3-PreRelease-
June 30,2009, VELVET version 
1.0.13, phrap version SPS - 4.24

Newbler version 2.3-PreRelease-
June 30, 2009, VELVET version 
1.0.13, phrap version SPS - 4.24
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MIGS-32 Gene calling 
method

Prodigal 1.4, GenePRIMP Prodigal 1.4, GenePRIMP

INSDC ID AEVP00000000 CP002736.1

Genome 
Database release

December 10, 2010 August 13, 2012

Genbank Date of 
Release

February 17, 2011 May 23, 2011

MIGS-13 GOLD ID
NCBI project ID
Source material 
identifier

Gi03933
46699
DSM 574T

Gc01783
50757
DSM 14880T

Project relevance Obtain insight into the 
phylogenetic and physiological 
diversity of Desulfotomaculum 
species.

Obtain insight into the 
phylogenetic and physiological 
diversity of Desulfotomaculum 
species, and hydrogenogenic CO 
conversion.

2.5 Genome sequencing and assembly

The genome of D nigrificans strain Delft 74 (DSM 574) was sequenced using a combination of 
Illumina and 454 sequencing platforms. All general aspects of library construction and sequencing 
can be found at the JGI website 22. Pyrosequencing reads were assembled using the Newbler 
assembler (Roche). The initial Newbler assembly consisting of 75 contigs in two scaffolds was 
converted into a phrap 23 assembly by making fake reads from the consensus, to collect the read 
pairs in the 454 paired end library. Illumina GAii sequencing data (3,053.3 Mb) was assembled 
with Velvet 24 and the consensus sequences were shredded into 1.5 kb overlapped fake reads and 
assembled together with the 454 data. The 454 draft assembly was based on 127.9 Mb 454 draft 
data and all of the 454 paired end data. Newbler parameters are -consed -a 50 -l 350 -g -m -ml 
21. The Phred/Phrap/Consed software package 23 was used for sequence assembly and quality 
assessment in the subsequent finishing process. After the shotgun stage, reads were assembled 
with parallel phrap (High Performance Software, LLC). Whenever possible mis-assemblies were 
corrected with gapResolution 22, Dupfinisher 25, or sequencing cloned bridging PCR fragments 
with subcloning. Some gaps between contigs were closed by editing in Consed, by PCR and 
by Bubble PCR primer walks (J.-F. Chang, unpublished). Some miss-assembly is still possible in 
the current assembly that consists in seven contigs and one scaffold. A total of 268 additional 
reactions and one shatter library were necessary to close gaps and to raise the quality of the final 
contigs. Illumina reads were also used to correct potential base errors and increase consensus 
quality using a software Polisher developed at JGI 26. The error rate of the final genome sequence 
is less than 1 in 100,000. Together, the combination of the Illumina and 454 sequencing platforms 
provided 498.0× coverage of the genome. The final assembly contained 332,256 pyrosequence 
and 37,872,777 Illumina reads.
The same protocol applied to the D. carboxydivorans strain CO-1-SRB (DSM 14880) genome 
allowed to produce finished assembly without gaps. Illumina GAii sequencing data (334.0Mb) was 
assembled with Velvet 0.7.63 and the 454 draft assembly was based on 138.8 MB of sequence. 
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A total of 290 additional reactions were necessary to close some gaps and to raise the quality 
of the final contigs. Illumina reads were also used to correct potential base errors and increase 
consensus quality using a software Polisher developed at JGI 26. The error rate of the final 
genome sequence is less than 1 in 100,000. Together, the combination of the Illumina and 454 
sequencing platforms provided 167.4× coverage of the genome. The final assembly contained 
543,495 pyrosequence and 9,254,176 Illumina reads

2.6 Genome annotation

Genes were identified using Prodigal 27 as part of the DOE-JGI genome annotation pipeline 
28, followed by a round of manual curation using the JGI GenePRIMP pipeline 29. The predicted 
CDSs were translated and used to search the National Center for Biotechnology Information 
(NCBI) nonredundant database, UniProt, TIGR-Fam, Pfam, PRIAM, KEGG, COG, and InterPro 
databases. Additional gene prediction analysis and functional annotation was performed within 
the Integrated Microbial Genomes - Expert Review (IMG-ER) platform 30.

Table 2.4: Genome statistics of DSM 574 (A) and DSM 14880 (B).

Attribute A. Genome 
(total)

B. Genome 
(total)

Value % of total Value % of total
Genome size (bp) 3,052,787 100 2,892,255 100.00
DNA coding region (bp) 2,595,629 85.02 2457154 84.96
DNA G+C content (bp) 1,412,511 46.28 1,348,537 46.63
Total genes 3,112 100 2,844 100
RNA genes 98 3.15 97 3.41
Protein-coding genes 3,014 96.85 2,747 96.59
Genes in paralog clusters 1,542 49.55 1,363 47.93
Genes assigned to COGs 2,340 75.19 2,174 76.44
Pseudo genes 137 4.40 88 3.09
Genes with signal peptides 582 18.70 504 17.72
Genes with transmembrane helices 721 23.17 647 22.75

2.7 Genome properties

The genome of D. nigrificans and D. carboxydivorans consists of one chromosome of 3,052,787 
and 2,892,255 nucleotides with a GC content of 46.28 and 46.63%, respectively (Table 2.4). 
Of the 3,112 genes in the genome of D. nigrificans, 98 are RNA genes of which 6 16S rRNA 
genes. A total of 2,340 genes of the 3,014 protein coding genes are assigned to COG functional 
categories. The distribution of these genes into COG functional categories is presented in Table 
2.5. The distribution of the 2,174 COG assigned genes of D. carboxydivorans into COG functional 
categories is also presented in Table 2.5. Of the 2,844 predicted genes in the D. carboxydivorans 
genome, 2,747 are protein coding genes and 97 RNA genes, of which 8 are 16S rRNA genes. 
Both strains have sets of multiple 16S rRNA genes. Within the sets and among the sets most of 
the genes are 99.5-99.9% identical. Each strain has one differently deviating 16S rRNA gene, the 



Chapter 2

44

difference probably originating from differential gene loss. In addition, 3.09% of the total genes 
of D. carboxydivorans are identified as pseudo genes. More genome statistics of D. nigrificans and 
D. carboxydivorans are displayed in Table 2.4.
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Figure 2.4: Graphical map of the DSM 574 (upper) and DSM 14880 (lower) chromosome. In both maps 
one genome was compared to the other. When genes were not similar or present in the other genome 
it resulted in gaps. The indicated variable regions with their function can also be found in Table 6 and 
the supplementary data S1.



Genome analyses of the sulfate-reducers Desulfotomaculum nigrificans and Desulfotomaculum carboxydivorans 

45

Table 2.5: Number of DSM 574 and DSM 14880 genes associated with the general COG functional 
categories.

Code Description DSM 574 DSM 14880
Value %agea Value %agea

J Translation 153 5.97 152 3.39
A RNA processing and modification 1 0.04 0 0.00
K Transcription 153 5.97 139 5.85
L Replication, recombination and repair 210 8.20 172 7.23
B Chromatin structure and dynamics 1 0.04 1 0.04
D Cell cycle control, mitosis and meiosis 45 1.76 45 1.89
Y Nuclear structure 0 0.00 0 0.00
V Defense mechanisms 22 0.86 22 0.93
T Signal transduction mechanisms 171 6.71 148 6.22
M Cell wall/membrane biogenesis 132 5.15 126 5.3
N Cell motility 70 2.73 68 2.86
Z Cytoskeleton 0 0.00 0 0.00
W Extracellular structures 0 0.00 0 0.00
U Intracellular trafficking and secretion 65 2.54 64 2.69
O Posttranslational modification, protein 

turnover, chaperones
83 3.24 85 3.57

C Energy production and conversion 217 8.47 211 8.87
G Carbohydrate transport and 

metabolism
125 4.88 98 4.12

E Amino acid transport and metabolism 224 8.74 216 9.08
F Nucleotide transport and metabolism 62 2.42 60 2.52
H Coenzyme transport and metabolism 134 5.23 133 5.59
I Lipid transport and metabolism 40 1.56 36 1.51
P Inorganic ion transport and metabolism 104 4.06 101 4.25
Q Secondary metabolites biosynthesis, 

transport and catabolism
29 1.13 27 1.14

R General function prediction only 261 10.19 250 10.51
S Function unknown 241 9.41 224 9.42
- Not in COGs 772 24.81 670 23.56

a) The total is based on the total number of protein coding genes in the annotated genome.
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Table 2.6: Description of genes present in the variable regions depicted in Figure 2.4.

Variable region Functions
1A Transposases, recombinases, transport proteins, isomerases, 

histidine kinase and threonine dehydrogenase
1B Transposases, recombinases, resolvase and alcohol dehydrogenase
1C Helicases, DNA-methylation, endonuclease and recombinase
1D TRAP transporter, Threonine dehydrogenase, 2 keto-4-petnenoate 

hydratase, sugar kinase, aldolase, glycerol dehydrogenase and 
mannonate dehydratase

1E Pilus assembly, proteases and hypothetical proteins dominate this 
variable region

1F Protease, DNA methylase, RNA polymerase, recombinase, 
cytochrome c biogenesis, Fe2+ transport system and many 
hypothetical proteins

1G Transposase, secretory protein secB, nucleotide sugar 
dehydrogenase, glycosyltransferase, sugar epimerase, O-antigen 
ligase and copper amine oxidase

1H Pyruvate ferredoxin oxidoreductase, transport proteins, sugar 
phosphate permease, threonine dehydrogenase, transposase, DNA 
methylase and endonuclease

1I Growth inhibitor protein, terminase, phage portal protein, secretory 
protein, recombinase and many hypothetical proteins

2A Endonuclease, DNA methylase, transposase, ATP binding protein, 
ATPase, threonine kinase, pyridoxamine 5’phosphate oxidase, 
ferric reductase, many hypothetical proteins and the CODH-ECH 
complex

2B CRISPR-Cas
2C DNA-helicases, -methyltransferase, and -replication protein, 

restriction protein and many hypothetical proteins
2D Urea metabolism
2E Mainly transport proteins and agmatinase
2F Alpha ribazole phosphatase, metal dependent phosphohydrolase, 

phenylacetate-CoA ligase, methyltransferase, amine oxidase, 
aldehyde dehydrogenase, transposase, phage tail component and 
many hypothetical proteins

2G Pilus associated proteins
2H Recombinase, integrase, AAA ATPase, restriction modification 

system, deoxyribonuclease
2I Many transferase proteins
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2.8 Insights into the genomes

2.8.1 Incomplete oxidation of organic compounds
D. nigrificans and D. carboxydivorans oxidize organic substrates such as lactate, pyruvate, ethanol 
and sugars incompletely to acetate. Both genomes have gene copies that are predicted to encode 
L-lactate dehydrogenases (DesniDRAFT_1264, 2906; Desca_0533) and D-lactate dehydrogenase 
(DesniDRAFT_0054, 1145, 1691; Desca_0863, 2222), which are involved in the oxidation of lactate 
to pyruvate. For incomplete oxidation of pyruvate to acetate via acetyl-CoA D. nigrificans and 
D. carboxydivorans have genes encoding a putative pyruvate dehydrogenase (DesniDRAFT_1250, 
2504, 1245 and Desca_0770, 0146, 0775, respectively) and subsequently an acetyl-CoA synthetase 
(DesniDRAFT_2242 and Desca_0484, respectively). Although the two strains cannot grow 
with succinate, fumarate and malate as electron donors, genes to metabolize these compounds 
are present in both genomes. D. nigrificans and D. carboxydivorans have genes putatively coding 
for a fumarate reductase (DesniDRAFT_0617-15 and Desca_1387-89), fumarate hydratase 
(DesniDRAFT_0612-13 and Desca_1391-92), malate dehydrogenase (DesniDRAFT_0618 and 
Desca_1386), and a pyruvate carboxylase (DesniDRAFT_1477-78 and Desca_2116-17) that 
might be involved in the oxidation of succinate, fumarate and malate to pyruvate. For growth 
on ethanol, both genomes contain alcohol dehydrogenases (DesniDRAFT_0051, 0320, 0326, 
0367, 1219, 2126, 2174, 2779; Desca_0375, 0418, 1671, 1913, 1943, 2553, 2558) and acetaldehyde 
dehydrogenases (DesniDRAFT_0038; Desca_1928).
For sulfate reducers to oxidize acetate to CO2, either the complete tricarboxylic acid (TCA) 
cycle or acetyl-CoA pathway has to be present 31. Since D. nigrificans and D. carboxydivorans 
cannot grow with acetate, it was expected neither strain would possess a complete TCA cycle; 
which was verified by a lack of the putative genes that code for ATP-dependent citrate synthase, 
aconitase, and isocitrate dehydrogenase. All genes coding for the acetyl-CoA pathway are present 
in both genomes, except for the genes encoding the acetyl-CoA synthase subunit and the FeS-
protein large and small subunit. Probably the gene coding for the acetyl-CoA synthetase is also 
involved in the acetyl-CoA production from acetate and coenzyme A.

2.8.2 Sugar metabolism
D. nigrificans and D. carboxydivorans are able to utilize glucose and fructose as electron donors 
in the presence of sulfate. Additionally, both species are able to ferment fructose, although 
fermentation of glucose is only reported for D. carboxydivorans 5, 6. The capability of utilizing sugars 
for growth is unusual among Desulfotomaculum species. The other Desulfotomaculum species that 
belong to cluster I, sub group a, D. ruminis, D. aeronauticum, D. putei and D. hydrothermale (with 
the exception of “D. reducens”), are not able to grow with glucose or fructose 32-34. Glucose 
metabolism in D. nigrificans was studied before 4. Akagi and Jackson showed that the majority of 
the glucose was degraded by the Embden-Meyerhof-Parnas pathway and in several instances the 
glucose followed the Entner-Doudoroff pathway 4. The Embden-Meyerhof-Parnas pathway and 
the pentose phosphate pathway are predicted to be complete in the genome of D. nigrificans 
and D. carboxydivorans. However, genes coding for the 6-phosphogluconate dehydratase and the 
2-keto-3-deoxy-6-phosphogluconate aldolase, the two characteristic enzymes of the Entner-
Doudoroff pathway, were not found in the genome of D. nigrificans and D. carboxydivorans. A 
phosphotransferase system (PTS) for glucose-specific transport was not found in either 
genome. Such a system is present in the genome of the glucose-utilizer D. reducens (Dred_0332). 
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Genes coding for the fructose-specific PTS are present in an operon structure in D. nigrificans 
(DesniDRAFT_2286 and 2291) and D. carboxydivorans (Desca_2698 and 2703). This system is 
likely involved in fructose uptake and its subsequent phosphorylation to fructose-1-phosphate. 
The fructose-1-phosphate thus formed can be further phosphorylated by 1-phosphofructokinase 
to fructose-1,6-bisphosphate (DesniDRAFT_2290 and Desca_2702).
Unlike D. nigrificans and D. carboxydivorans, D. ruminis and D. kuznetsovii are not able to grow with 
glucose or fructose. However, they have the genes that code for all the enzymes involved in the 
Embden-Meyerhof-Parnas pathway present in their genome. What is missing in their genome 
is the PTS for fructose-specific transport. This suggests that the absence of this PTS system 
prevents the use of fructose for growth.

2.8.3 Growth on one-carbon substrates
D. nigrificans and D. carboxydivorans can grow with formate plus sulfate in the presence of yeast 
extract and acetate as a carbon source. Since the genomes lack a complete acetyl-CoA pathway, 
D. nigrificans and D. carboxydivorans are not able to produce acetyl-CoA from formate and need 
an additional carbon source. The two genomes have similar genes that putatively code for three 
formate dehydrogenases (FDHs). The first FDH consists of an alpha subunit (DesniDRAFT_0989, 
Desca_1018), which is located next to a hydrogenase (DesniDRAFT_0990, Desca_1017) and 
a flavoprotein (DesniDRAFT_0988 and Desca_1019). The flavoprotein has one predicted 
transmembrane helix. Therefore, these genes might code for one intracellular membrane 
associated FDH. The second FDH gene cluster (DesniDRAFT_1389-1392, Desca_2053-2055) 
putatively codes for a confurcating cytoplasmic FDH. The third is predicted to code for an 
extracellular FDH (DesniDRAFT_1396-1397, Desca_2059-2060) associated with the membrane 
by a proposed 10 transmembrane helixes containing protein (DesniDRAFT_1395, Desca_2058). 
BLAST results and orthologous BLAST analysis 35 indicate that this transmembrane helix protein 
is orthologous to cytochrome b. Therefore, electron transport from this FDH might go through 
cytochrome b.
D. nigrificans and D. carboxydivorans are able to grow with CO in the presence of yeast extract. 
However, D. nigrificans grows with up to 20% of CO coupled to sulfate reduction, while D. 
carboxydivorans can grow with 100% CO with and without sulfate. These physiological differences 
should also be visible in the genome for the genes involved with carbon monoxide dehydrogenase 
(CODH). Figure 5 shows the organization of the CODH catalytic subunit (cooS) and neighboring 
genes in D. nigrificans and D. carboxydivorans. D. nigrificans has two cooS genes in the genome 
(DesniDRAFT_0854 and 1323) while D. carboxydivorans has three (Desca_0349, 1148, 1990). 
The organization of the cooS and neighboring genes in D. nigrificans is similar to that of two of 
the cooS and neighboring genes in D. carboxydivorans. However, one cooS gene cluster in the D. 
carboxydivorans genome cannot be found in the genome of D. nigrificans. The genes in this cluster 
are similar to genes described to be involved in the H2 production from CO oxidation 36-39. 
Carboxydothermus hydrogenoformans was the first bacterium described to have multiple cooS 
genes, one of which is united in a cluster with hydrogenase genes 39. The hydrogenase module of 
this gene cluster represents a membrane-bound energy-converting hydrogenase (ECH) capable 
of energizing the membrane by proton translocation. Among sequenced Desulfotomaculum 
species, only D. carboxydivorans, D. acetoxidans, and D. ruminis possess putative genes coding for 
ECHs. However, in the latter two genomes, ECH encoding genes do not cluster with cooS genes. 
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Earlier analysis showed that clustering of cooS genes and ECH genes is a characteristic feature 
of hydrogenogenic carboxydotrophs 40. The presence of the putative ECH-cooS gene cluster in 
D. carboxydivorans explains its ability to grow hydrogenogenically with CO.

In D. nigrificans there are no CODH involved genes in close proximity of the cooS genes, apart 
from one cooC gene (DesniDRAFT_0855). Apparently, this is sufficient for D. nigrificans to grow 
with 20% of CO coupled to sulfate reduction. However, D. ruminis, another Desulfotomaculum 
species in cluster 1a (Figure 2.1) of which the genome was recently described 41, also has the 
cooS gene (Desru_0859) downstream of a transcriptional regulator (Desru_0858) and upstream 
of the cooC gene (Desru_0860) but that bacterium is not able to grow on CO and sulfate. The 
reason for this is not yet clear.
A cluster of nitrogenase genes (Dtox_1023 to 1030) has been described in the genome of 
Desulfotomaculum acetoxidans 42. In the genomes of D. nigrificans and D. carboxydivorans very similar 
gene clusters occur (DesniDRAFT_0869-0858 and Desca_1134-1144). Notably, in both cases 
there are cooS genes in the vicinity (DesniDRAFT_0854 and Desca_1148). They are located on 
another DNA strand and are convergently directed. Since the low-potential carbon monoxide 
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Figure 2.5: Organization of cooS and neighboring genes in DSM 574 (A) and DSM 14880 (B). 
Abbreviations: HP, hypothetical protein; TR, transcriptional regulator.
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seems to be a good electron donor for nitrogen fixation, this proximity might be more than mere 
coincidence. This would suggest that small amounts of CO could be oxidized by D. nigrificans in 
the absence of sulfate. D. ruminis also has a similar gene cluster (Desru_3454-3445). However, 
in contrast to the genomes of D. nigrificans and D. carboxydivorans no cooS gene is nearby in the 
genome of D. ruminis.
Methyltransferase genes as present in D. kuznetsovii that might point to possible growth 
with methanol or methylated amines were not found in the genomes of D. nigrificans and D. 
carboxydivorans. These two strains accordingly, do not grow with methanol. Growth on methylated 
amines was never tested, but the genome suggests there is no growth possible with these 
compounds.

2.8.4 Hydrogen metabolism
D. nigrificans and D. carboxydivorans have a similar hydrogenase composition that is 
dominated by [FeFe] hydrogenases, as observed in other Desulfotomaculum spp. Each of the 
two bacteria has 9 [FeFe] hydrogenases, divided in the following groups: Three copies of 
trimeric bifurcating hydrogenases (DesniDRAFT_0775-0777, DesniDRAFT_0770-0772 and 
DesniDRAFT_1331-1333; Desca_1224-1226, Desca_1230-1232 and Desca_1996-1998); two 
copies of a monomeric hydrogenase (DesniDRAFT_0646 and DesniDRAFT_0308; Desca_1356 
and Desca_1680); one HsfB-type hydrogenase encoding a PAS-sensing domain that is likely 
involved in sensing and regulation (DesniDRAFT_0986 and Desca_1021); one hydrogenase that 
is part of a 5-gene operon also encoding one membrane protein and two flavin-dependent 
oxidoreductases (DesniDRAFT_1073-1077 and Desca_0931-0935); and finally two copies of 
a membrane-associated hydrogenase (DesniDRAFT_1068-1070 and DesniDRAFT_2001-2003; 
Desca_0940-0938 and Desca_2453-2455). The catalytic subunit (DesniDRAFT_1068, 2001 and 
Desca_0940, 2453) of this hydrogenase contains a tat signal motif, which suggests that the 
hydrogenase complex is positioned extracellular. Moreover, the membrane associated subunit is 
a 10 transmembrane helix containing protein that is orthologous to cytochrome b. This is similar 
to the extracellular FDH.
The high number of hydrogenases in the genomes of the two bacteria indicates a high 
metabolic flexibility. This is important for changing growth strategies, from, for example, sulfate 
respiration to syntrophic growth. A syntrophic co-culture of D. nigrificans and Methanobacterium 
thermoautotrophicum on lactate and ethanol was described 5. Syntrophic consortia are able to 
grow from very small free energy changes due to their ability to overcome thermodynamically 
difficult reactions. Reverse electron transfer is an essential part of this. The genes coding for the 
bifurcating hydrogenases and the confurcating formate dehydrogenase in the D. nigrificans genome 
are therefore likely candidates to be involved in syntrophic growth on lactate and ethanol.
A membrane-associated ECH is present only in D. carboxydivorans, as mentioned above, and no 
other [NiFe] hydrogenases are present. Other membrane associated complexes found in the 
genome of D. nigrificans and D. carboxydivorans are complex I (DesniDRAFT_0902-0892 and 
Desca_1110-1120) and a H+-pumping membrane-bound pyrophosphatase (DesniDRAFT_2060 
and Desca_2506).

2.8.5 Electron acceptor metabolism
The genes for the assimilatory sulfate reduction are organized in an identical way in D. nigrificans 
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and D. carboxydivorans. ATP-sulfurylase (DesniDRAFT_1837, Desca_2237) is followed by 
adenosine-5´-phosphosulfate (APS) reductase (DesniDRAFT_1836-1835, Desca_2378-2377), 
and the QmoAB complex (DesniDRAFT_1834-1833, Desca_ 2376-2375). A qmoC gene is absent 
but seems to be substituted by heterodisulfide reductases (Hdr) CB (DesniDRAFT _1838-1839, 
Desca_ 2381-2380). This organization is also found in D. ruminis and D. reducens. The position 

Figure 2.6: Schematic representation of putative formate dehydrogenases in the genome of DSM 574 and 
DSM 14880 (A). Including the hypothesized electron interaction of the putative extracellular membrane 
bound formate dehydrogenase with the putative fumarate reductase (B). The electron acceptor fumarate 
is reduced to succinate by using formate as an electron donor. Gene locus tag numbers and α-, β-, 
and γ-subunits are depicted. Moreover, predicted iron-sulfur clusters and other metal-binding sites are 
indicated.
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of the HdrCB is switched to the other side in D. acetoxidans, D. gibsoniae, D. alcoholicoviorans, 
Desulfurispora thermophila, and Desulfarculus baarsii (which owns a Gram-positive aprBA 43). 
In contrast to these organisms, D. kuznetsovii, Ammonifex degensii, Desulfovirgula thermocuniculi, 
and Gram-negative sulfate-reducing bacteria which possess a Gram-positive aprBA 43 like 
Desulfomonile tiedjei and Syntrophobacter fumaroxidans have a complete qmoABC complex (for D. 
kuznetsovii: Desku_ 1075, Desku_1076, Desku_1078).
The genes for the dissimilatory sulfite reductase found and their organization are identical to 
all other six Desulfotomaculum genomes published so far and most other Gram-positive sulfate-
reducing bacteria. The dsrAB genes (DesniDRAFT_2256-2255, Desca_2666-2665) are linked 
to a dsrD gene (DesniDRAFT_2254, Desca_2664). Both organisms also contain a truncated 
DsrMK complex 44 (DesniDRAFT_2267-2268, Desca_2678-2679) which is linked to a dsrC 
gene (DesniDRAFT_2266, Desca_2677) as it was found in D. ruminis 41. This truncated DsrMK 
is generally found in Gram-positive sulfate-reducing bacteria and not restricted to members of 
the genus Desulfotomaculum.
D. nigrificans and D. carboxydivorans lack nitrate reduction genes for reduction of nitrate to 
N2. Nitrate reductase, nitric-oxide forming nitrite reductase, nitric-oxide reductase and 
nitrous-oxide reductase are all absent in both genomes. However, a nitrite/sulphite reductase 
(DesniDRAFT_1001, 2506; Desca_0162, 1181) and an ammonia forming nitrite reductase 
(DesniDRAFT_0204; Desca_2313) are present in the genome of D. nigrificans and D. 
carboxydivorans. No taurine degradation pathway was detected in the genome of either strain, 
but it was described for the closely related D. ruminis 41

2.8.6 Fumarate reductases
Using fumarate as an electron acceptor for growth of D. nigrificans and D. carboxydivorans has not 
been tested yet. However, a fumarate reductase is present in the genomes of the two bacteria. The 
three genes encode for a FAD containing catalytic subunit (DesniDRAFT_0617; Desca_1387), an 
iron sulfur containing subunit (DesniDRAFT_0616; Desca_1388), and a membrane associated 
cytochrome b (DesniDRAFT_0615 and Desca_1389). This cytochrome b protein might perform 
an electron interaction with the cytochrome b of the extracellular FDH (Figure 2.6, panel B). 
This interaction could occur as described in Wolinella succinogenes, where fumarate can be used 
as an electron acceptor for growth on formate 45.

2.8.7 Comparative genomics
Distinct genes in Desulfotomaculum carboxydivorans and D. nigrificans
To reveal genomic differences between these two very closely related species, a bidirectional 
BLAST of the protein coding genes was performed. BLAST analyses were performed using 
standard settings and best hits were filtered for 70% sequence coverage and 40% identity 
(supplementary data S1 46). A total of 2,529 homologous genes was found (Figure 2.7). The 
distinct genes were screened for operon structure and function, revealing genes involved in 
CRISPR, urea metabolism and hydrogenogenic CO metabolism in D. carboxydivorans.
CRISPR genes in D. carboxydivorans were found to have low sequence coverage and or identity 
with genes in the D. nigrificans genome (Figure 2.3). These genes involved two CRISPR-Cas systems, 
which we classified as an I-C subtype (Desca_0534-0540) and a III-A subtype (Desca_0572-0576). 
D. nigrificans has one CRISPR-Cas system subtype, I-A (DesniDRAFT_2444-2452), which is also 
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present in D. carboxydivorans (Desca_0726-0734). The presence of multiple CRISPR-Cas systems 
and the occurrence of the different subtypes in one strain has been described previously 47, 48 and 
shows that the co-occurrence of subtype I-A with I-C and III-A is a common feature. However, it 
also shows that D. carboxydivorans is part of the 2% of bacteria that have a III-A subtype without 
a III-B subtype.
The genome of D. carboxydivorans also contains genes coding for an urease (Desca_0743-0749) 
and urea transport (Desca_0738-0742) (Figure 2.3). Urease catalyzes the reaction of urea to 
CO2 and ammonia. Urea is very common in the environment and is a nitrogen source for many 
bacteria 49. The genome of D. nigrificans lacks the genes coding for an urease, which indicates that 
D. nigrificans is relatively more restricted regarding its nitrogen source. Other interesting genes 
that are present in the D. carboxydivorans genome and not in the D. nigrificans genome are genes 
involved in the carbon monoxide dehydrogenase (CODH) and hydrogenase as described above.

2.8.8 Taxonomic conclusions
The overall similarity of the genome sequences of the type strains of D. nigrificans and D. 
carboxydivorans was estimated by using the Genome-To-Genome Distance Calculator (GGDC) 
as described previously 51. This program calculates DNA-DNA similarity values by comparing 
the genomes to obtain high-scoring segment pairs (HSPs) and inferring distances from a set 
of three formulas (1, HSP length/total length; 2, identities/HSP length; 3, identities/total length). 
According to the GGDC the average estimated DNA-DNA similarity value between the two 
type strains is 86.5 ± 5.5% and thus clearly above 70%, which is the widely accepted threshold 
value for assigning strains to the same species 52. The high similarity of the genome sequences 
of both type strains was further supported by the average nucleotide identity of shared genes 

Figure 2.7: Venn diagram showing a comparison of the protein coding genes of DSM 574 and DSM 
14880. The number of overlapping protein coding genes is given inside the areas of the circles and the 
total number of derived protein sequences used for each strain is shown in parentheses. The figure 
was created using the program Venn diagram plotter available from the Pacific Northwest National 
Laboratory Software Distribution Center 50.
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(ANI), which proved to be above 99%. This ANI value is much higher than the 95 to 96% value 
shown to correspond to the 70% DNA-DNA hybridization level 53. Moreover, the two strains 
have almost identical 16S rRNA gene sequences (>99%) and a high number of shared genes 
(Figure 2.7). It should be mentioned that the previously reported and deposited rRNA gene 
sequence of D. nigrificans DSM 574 contained a lot ambiguities and some missing nucleotides, 
which are counted as mismatches by BLAST. Therefore, we reanalyzed the rRNA gene sequences 
of D. nigrificans deposited in the NCIMB culture collections and confirmed the identity of the 
rRNA gene sequence found in the genome of DSM 574. We propose that the species should be 
united under one name. According to the rules of priority as given by the Bacteriological Code 
54 the name D. nigrificans should be used for the unified taxon, with D. carboxydivorans as a later 
heterotypic synonym.

2.8.9 Emended description of Desulfotomaculum nigrificans (Werkman and Weaver 1927) Campbell 
and Postgate 1965
The description is as given by Campbell and Postgate 1 and Parshina et al. 6 with the following 
modifications.
The cells are Gram-positive, rod-shaped with rounded ends, 0.3-1.5 x 2-15 µm, single or sometimes 
paired. Motility with tumbling or twisting movements conferred by peritrichous flagella. Terminal 
or subterminal oval endospores that are slightly swelling the cells. Thermophilic and neutrophilic 
with a temperature optimum of 55°C. NaCl is not required for growth. The following substrates 
are utilized, coupled to the reduction of sulfate to sulfide: DL-lactate, pyruvate, ethanol, L-alanine, 
D-fructose, and D-glucose. Acetate and methanol are not utilized. Substrates are incompletely 
oxidized to acetate. In the presence of 0.5 g/l yeast extract, lithoheterotrophic growth is possible, 
such as growth on H2 and CO2 with sulfate or growth on 20% CO with sulfate for D. nigrificans 
strain Delft 74 and growth on 100% CO with or without sulfate for strain CO-1-SRB. Suitable 
electron acceptors with lactate as substrate are sulfate, sulfite and thiosulfate, but not elemental 
sulfur or nitrate. Fermentation of pyruvate and fructose; strain CO-1-SRB is also able to ferment 
DL-lactate, glucose and CO. The prevalent respiratory lipoquinone is MK7 with only small 
amounts of MK6. The dominating cytochromes are of type b. Major cellular fatty acids are 16:0, 
iso 15:0, iso 17:0, anteiso 15:0, 18:0 and iso 16:0. The DNA G+C content is around 46 mol%. The 
type strain is Delft 74 (=NCIMB 8395 = DSM 574 = ATCC 19998 = NBRC 13698).
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3.1 Abstract

The Sporomusa genus comprises anaerobic spore-forming acetogenic bacteria with a Gram-
negative cell wall. The characteristic substrates for Sporomusa species are one-carbon 
substrates and N-methylated compounds. In the degradation of these compounds different 
methyltransferases are involved. In addition, Sporomusa species can grow autotrophically with 
H2 and CO2, and use a variety of sugars for acetogenic growth. In order to gain a better 
understanding of the physiology of Sporomusa, a genome analysis of Sporomusa strain An4 was 
combined with a differential proteome analysis of cells grown under five different conditions. 
These conditions were: acetogenic growth with H2 and CO2, methanol, betaine, and fructose; 
and respiratory growth with methanol and nitrate. In addition, the genome of strain An4 was 
compared to the recently sequenced genome of Sporomusa ovata. The comparison indicated 
that Sporomusa strain An4 is a S. ovata strain. The proteome analysis showed a high abundance of 
many methyltransferases, predominantly trimethylamine methyltransferases, during growth with 
betaine. However, trimethylamine is one of the main end products of betaine degradation in 
Sporomusa strain An4. Why growth with betaine leads to the synthesis of many methyltransferases 
cannot be concluded from this study.
During growth with methanol three methyltransferase gene products were highly abundant. These 
included the two methanol methyltransferase subunits MtaB and MtaC. However, instead of a 
MtaA another methyltransferase was produced, a methyltetrahydrofolate methyltransferase. This 
suggests its involvement in the methanol metabolism. Therefore, we propose a novel methanol 
metabolism in Sporomusa strain An4 that uses a methyltetrahydrofolate methyltransferase instead 
of a MtaA.

3.2 Introduction

The genus Sporomusa was described in 1984 1. It is a genus of motile spore-forming acetogenic 
bacteria with a Gram-negative cell wall. Currently, the genus Sporomusa consists of 9 validated 
species. Sporomusa strains have been isolated from soils and sediments 1-4, from wastewater 1,5 
and from the gut and faeces of animals 1,6-8. The characteristic substrates for Sporomusa species 
are one-carbon substrates, such as methanol, and N-methylated compounds such as betaine. In 
addition, they can grow autotrophically with H2 and CO2, and use a variety of sugars for anaerobic 
acetogenic growth. Like other acetogenic bacteria they employ the acetyl-CoA pathway for 
energy conservation and CO2 fixation 9,10. 
Sporomusa strain An4 was isolated from an underground gas storage in Russia with methanol and 
perchlorate as substrates. Besides perchlorate, the strain was also able to use nitrate as electron 
acceptor. Unfortunately, in course of this study the strain lost its ability to use perchlorate as 
electron acceptor. The ability to respire with inorganic electron acceptors is not very common 
among Sporomusa species; only Sporomusa ovata and Sporomusa strain An4 have been described 
to reduce nitrate to ammonium 1,11. Sporomusa strain An4 is, according to phylogenetic analysis 
based on 16S rRNA gene sequences, closely related to Sporomusa strain DR5 and S. ovata (99% 
and 98% sequence similarity, respectively) 11. 
Sporomusa strains are known to produce atypical corrinoids. More than 90% of the corrinoids 
in Sporomusa ovata consist of two synthesized coenzyme B12 analogues, p-cresolyl cobamide and 
phenolyl cobamide 12-14. Some other studies provided insight into the transfer of the methyl group 
from methylated substrates. For S. ovata the involvement of a cobamide-containing protein in the 
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formation of methyl-tetrahydrofolate (CH3-THF) was shown 15. The synthesis of this protein was 
induced when S. ovata was grown on methanol. The cobamide-containing methyltransferase of S. 
ovata was purified and characterized 16,17. Moreover, it was shown that different methyltransferases 
are involved in degradation of different methylated-substrates 15 and cytochromes appeared to 
be essential for autotrophic growth and methyl group oxidation 18. These and other studies 19,20 
provided some insight into the physiology of Sporomusa. 
The lack of genome information hampered further understanding of the ecophysiology of 
Sporomusa species. Only recently genomic information became available for Sporomusa species 21. 
Here we describe a genomic comparison, between the recently sequenced Sporomusa ovata and 
Sporomusa strain An4, and a proteogenomic approach to get insight into the catabolic pathways 
of the metabolism of Sporomusa strain An4. Five different growth conditions were selected; 
acetogenic growth with H2 and CO2, methanol, betaine, and fructose; and respiratory growth 
with methanol and nitrate. Functional genome analysis was combined with differential proteome 
analysis of cells grown with the different substrates. 

3.3 Experimental procedures

3.3.1 Source of inoculum and culture medium
Sporomusa strain An4 (=DSM 21435, =JSM 15643) was isolated from a water sample of an 
underground gas storage in Russia 11. The strain was enriched and isolated with methanol and 
perchlorate in a basal bicarbonate buffered medium described by Stams et al. 40. The same 
medium but with the addition of 0.1 g L-1 yeast extract was used in this study. The electron 
donors were added in 20 mM concentrations and electron acceptors in 10 mM concentrations, 
from concentrated stock solutions (sterilized by autoclaving). Cultivation of strain An4 was 
done at a neutral pH and at 30°C in 117 ml glass serum vials with butyl rubber stoppers and 
aluminium crimp seals. The vials contained 50 ml basal medium and a gas phase of 1.7 bar N2/
CO2 (80%/20%, v/v). However, when hydrogen was the electron donor the gas phase was 1.7 bar 
H2/CO2 (80%/20%, v/v). In all experiments the inoculum size was 10%(v/v).

3.3.2 Experimental design
To obtain insight into the physiology of Sporomusa strain An4 a combined genome and proteome 
analysis was performed. First, growth of strain An4 was studied in five conditions with following 
substrates: 1) hydrogen and carbon dioxide (H2 and CO2), 2) methanol, 3) methanol and nitrate, 
4) betaine and 5) fructose. Subsequently, DNA was isolated from methanol-grown cells. For 
protein extraction strain An4 was grown in all five conditions. Cells were adapted to the different 
growth conditions by transferring three times. Subsequently, 1.2 liter bottles containing 500 ml 
medium were inoculated. Protein extraction of all growth conditions was performed at late 
exponential phase.

3.3.3 Analytical methods
Substrate concentrations were tested using high pressure liquid chromatography. The substrates 
methanol, betaine, and fructose and the product acetate were analysed using a MetaCarb 67H 5 
x 300 mm column (Varian, Middelburg, the Netherlands) connected to a SpectraSYSTEM RI-150 
detector (Thermo electron corporation, Waltham, Massachusetts, USA). The 5 mM H2SO4 mobile 
phase had a flow of 0.8 ml min-1. The temperature was controlled at 30°C during the analysis. 
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Crotonate was used as an internal standard.
Nitrate was measured using an ED 40 electrochemical detector (Dionex, Breda, The Netherlands) 
after separation on an Ionpac AS9-SC 4 x 50 mm column (Dionex, Breda, The Netherlands). 
Potassium fluoride (2 mM) was used as internal standard. The analysis was conducted at a 
temperature of 35°C with a flow rate of 1.2 ml min-1. The mobile phase used consisted of 1.29 
g L-1 Na2CO3

¬ 10 H2O and 0.12 g L-1 NaHCO3. 
Hydrogen gas samples were analysed by gas chromatography with a Shimadzu GC-14B (Shimadzu, 
Kyoto, Japan) equipped with a packed column (Molsieve 13X, 60-80 mesh, 2 m length, 3 mm 
internal diameter;  Varian, Middelburg, The Netherlands) and a thermal conductivity detector set 
at 70 mA. The injector temperature and the oven temperature were both 100°C. The detector 
temperature was 150°C. Argon was used as the carrier gas at a flow rate of 30 ml min-1.
Growth was measured using the optical density at 600 nm (OD600). Uninoculated medium served 
as a reference. 

3.3.4 DNA isolation, genome sequencing and genome annotation.
Genomic DNA from Sporomusa strain An4 was isolated using the standard DOE Joint Genome 
Institute (JGI) CTAB method. Sequencing the genome of strain An4 was done by using the 
454 pyrosequencing technique and additional mate-pair sequencing 41. Shot-gun sequencing was 
performed to a redundancy of 44x (539893 reads). The assembly of these reads was performed 
using the Newbler Assembler software (454 Life Sciences) resulting in 163 contigs of more than 
500 bp. The additional Illumina mate-pair reads were used to extend the contigs and to create 
scaffolds by using SSPACE Basic v2.0 42 with an insert from PicardTools. Gaps were filled with the 
mate-pair reads by using SSPACE GapFilling v1.11 43. The final assembly was improved with Pilon 
v1.4 using both 454 and mate-pair reads, which resulted in 16 scaffolds of more than 42 kbp. 
Scaffolds were reordered according to the Sporomusa ovata draft genome. The 16 scaffolds were 
submitted to RAST server service 22 for automatic annotation yielding 5280 protein encoding 
genes.   

3.3.5 Genome comparison
The genome of Sporomusa strain An4 was compared to the genome of Sporomusa ovata by 
comparing their functional domain profiles, which were obtained with InterProScan 5 (version 
5RC7, 27th January 2014). Differences are discussed in the text. The average nucleotide identity 
of shared genes (ANI) was used to determine if strain An4 is a S. ovata or a novel Sporomusa 
species. 
Comparison of selected Sporomusa strain An4 genes and putative proteins to other microorganisms 
than S. ovata was performed by BLAST analysis. Nucleotide sequences were compared to genes 
in the NCBI nucleotide collection database. The comparison was optimized for highly similar 
sequences. Amino acid sequences of selected strain An4 proteins were compared to proteins 
for homology, using the NCBI non-redundant protein sequence database, with default settings. 
For alignment only amino acid sequences were used when the genome of the microorganism 
was fully sequenced. Additionally, the sequences required a minimum coverage of 80% and for 
alignment purposes the minimum identity was either 40% or 50%. Alignment was performed 
using MUSCLE 46. 
To identify cofactor binding motifs, transmembrane helices, and twin-arginine translocation motifs 
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in the N-terminus we used Pfam 27.0 (March 2013) 45, TMHMM Server v. 2.0 48 and the TatP 
1.0 Server 49, respectively. Sequences with similarity to iron-only or [FeFe]-hydrogenases, were 
manually analysed for the presence of conserved H-cluster residues 50. RNA loop predictions 
with Mfold version 3.2. was used to predict incorporation of selenocysteine 51,52. We compared 
the predicted RNA loop in the 50-100 bp region downstream of the UGA-codon with the 
consensus loop described 53.

3.3.6 Protein extraction
For the preparation of protein samples 500 ml of each growth condition was centrifuged. 
The pellets were resuspended in SDT-lysis buffer (100mM Tris/HCl pH 7.6 + 4% SDS + 0.1M 
dithiothreitol) separately and sonificated to disrupt the bacterial cell wall. Unbroken cells and 
debris were removed by centrifugation at 13.000 rpm for ten minutes. Protein concentration 
in the protein samples were measured by using Bradford reagent (Sigma Aldrich, St. Louis, USA) 
using bovine serum albumin as a standard.

3.3.7 Proteome analysis
For each growth condition an equal amount of total protein was separated by SDS-PAGE on a 
10 well PAGE® Novex 4-12% Bis-Tris gel (Invitrogen) and ran using MES-SDS as running buffer 
for 30 min at a constant voltage of 200 V. The gel was stained with Coomassie Blue (Colloidal 
Blue Staining Kit, Invitrogen) after which entire gel lanes were cut into 25 equal slides using 
a gridcutter (Gelcompany, SA, USA). Gel pieces were reduced with dithiotreitol (10 mM, 30 
min, room temperature), alkylated with iodoacetamide (20 mM, 60 min, room temperature in 
the dark) and digested with trypsin overnight at 37°C. After digestion, formic acid and DMSO 
were added (both 5% v/v) to increase peptide recovery. Protein digests were analyzed on a 
reversed phase nano-LC coupled to a LTQ Orbitrap Velos (Thermo Fisher Scientific, Bremen, 
Germany). An Agilent 1200 series HPLC system was equipped with in–house packed trapping 
column (100 μm ID and 20 mm length) and analytical column (50 μm  ID and 250 mm length) 
filled with Reprosil Pur 120 C18-AQ (Dr. Maisch, Ammerbuch-Entringen, Germany) essentially 
as described by Meiring et al. 44. Trapping was performed at 5 μl/min for 10 minutes in solvent 
A (0.1 M acetic acid), and elution was achieved with a gradient from 0 to 40% solvent B (0.1 M 
acetic acid in 8:2 v/v acetonitrile:water) for 40 minutes. The LTQ Orbitrap Velos was operated 
in data dependent mode automatically switching between MS and MS/MS. Survey full scan MS 
spectra were acquired from m/z 400 to 1500 in the Orbitrap with a resolution of 30,000 at 
m/z 400 after accumulation to a target value of 1e6 in the linear ion trap. The ten most intense, 
multiply charged ions at a threshold of above 1000 were fragmented in the linear ion trap using 
collision-induced dissociation (CID) at a target value of 1e4. All raw data files were processed 
into peaklists using Proteome Discoverer 1.1.
For each condition approximately 80,000 to 100,000 MS/MS spectra were obtained from 
trypsin-digested protein mixtures of cell free extracts. The MS/MS spectra were submitted 
to a local implementation of the OMSSA search engine 25 and searched against a peptide 
database derived from the predicted proteins of the Sporomusa strain An4 draft genome RAST 
annotation. The following search parameters were used: a precursor ion tolerance of 0.03 Da, 
fragment ion tolerance of 0.5 Da, a miss cleavage allowance of up to and including 2. Cysteines 
were considered to be carboxyamidomethylated, oxidation of methionine and deamination of 
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glutamine and aspargine were treated as variable modifications. The set E-value threshold was 
determined iteratively from the false discovery rate (FDR) and was set to 0.01. With this setting 
an FDR of < 2% was obtained for all samples. The FDR was calculated from top hit spectral 
matches to peptides in the reversed database as described by Elias and Gygi 45. The proteome 
analysis resulted in the identification of 2280 different proteins (with at least 2 unique peptides 
identified). Spectral counting 26 was used to study protein abundance. Higher counts lower the 
chance of false positives, making it more reliable that the protein is produced. 788 predicted 
proteins showed >9 counts and are listed in the supplementary data (Supplementary file S1).
Proteins that possibly play an important role under different growth conditions are discussed in 
more detail in the text.
 
3.3.8 Enzyme activity assays
Enzyme activities were analysed spectrofotometrically by measuring the color change of methyl 
viologen (MV) at 578 nm, due to reduction or oxidation. Glass cuvettes were anaerobically 
prepared by flushing with N2. Except for the CODH assay, where the glass cuvette was flushed 
with CO. The CODH assay mixture contained 50 mM 3-(N-morpholino)propanesulfonic acid-
KOH (pH 7), 1 mM MV and 0.1 mM dithiotreitol (DTT). The FDH assay mixture contained 
Tris-HCL (pH 8), 1 mM MV, 0.1 mM DTT and 10 mM formate. In the CODH and FDH assay the 
absorbance increased.
The nitrate and nitrite reductase assay mixture both contained 50 mM Tris-HCl (pH 7.5), 0.5 
mM MV, a small amount of dithionite solution to reach a starting absorbance of approximately 
1.5, and 4 mM nitrate or 0.25 mM nitrite, respectively.  

3.4 Results

Whole genome shotgun sequencing combined with mate-pair sequencing of Sporomusa strain 
An4 resulted in 4.9 Mbp assembled sequence data with an average scaffold size of 308 kbp. The 
draft genome was automatically annotated using RAST 22. 5280 protein-encoding genes were 
identified. To study the physiology of Sporomusa strain An4 genome analysis was combined with 
differential proteomics. 
Shotgun proteomics was applied to study the differential expression of proteins involved in 
growth with different substrates: H2 and CO2, methanol, methanol and nitrate, betaine, and 
fructose. Adapted cultures were harvested for protein extraction when they were at late 
exponential phase. Equal amounts of total protein were used for proteome analysis. For each 
condition approximately 80,000 to 100,000 MS/MS spectra were obtained. Omssa 25 was used to 
obtain Peptide Spectrum Matches (PSM) with an efficiency of 43.6% and a FDR of <2%. Spectral 
counting 26 was used to study protein abundance.

3.4.1. Genome comparison
The genome of Sporomusa strain An4 was compared to the recently sequenced Sporomusa 
ovata. The two genomes showed high similarity by the average nucleotide identity of shared 
genes (ANI), which proved to be above 99%. This ANI value is much higher than the 95 to 96% 
value shown to correspond to the 70% DNA-DNA hybridization level 54. This indicates that 
Sporomusa strain An4 is a S. ovata strain. Aditionally, a functional domain analysis was performed 
to show differences between the two Sporomusa genomes. The genome of the S. ovata type strain 
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contained six genes that could not be found in the genome of strain An4. These included genes 
encoding two transposases, a protein of unknown function, an isopentenyl-diphosphate delta-
isomerase and a toxin-antitoxin protein. The genome of strain An4 contained two genes that 
could not be found in the genome of S. ovata. These genes encoded a multicopper oxidase and a 
peptidase. The function of these proteins in strain An4 is currently not known.      

3.4.2 Central acetogenesis metabolism, the acetyl-CoA pathway
All genes coding for enzymes involved in the acetyl-CoA pathway are present in the genome of 
Sporomusa strain An4 (Figure 3.1). Many of these genes are situated in close proximity with each 
other in scaffold 4, such as a methenyl-THF cyclohydrolase, methylene-THF dehydrogenase, the 
acetyl-CoA synthase operon and formate dehydrogenase (FDH) genes. The genes coding for 
the acetate kinase and the phosphate acetyltransferase are in separate scaffolds. The genome of 
strain An4 contains several genes that code for the same enzymes involved in the acetyl-CoA 
pathway, including formate-THF ligase (s04:246990-248750, s09:188329-186662), methenyl-
THF cyclohydrolase (s02:879340-878696, s04:243851-244483), methylene-THF reductase 
(metF, s04:117333-118217, s04:264802-265755, s16:4696-6210), acetyl-CoA synthase catalytic 
subunit (acsB, s04:31610-32719, s04:250966-253092 and s06:160691-162826), and carbon 
monoxide dehydrogenase (CODH) catalytic subunit (cooS, s01:38061-40187, s04:31146-31481, 
s04:248953-250890). The proteomic analysis shows peptide abundance of the proteins involved 
in the acetyl-CoA pathway (Table 3.1), which indicates the synthesis of these proteins.

3.4.3 Growth with one-carbon substrates
One carbon substrates are characteristic growth substrates of Sporomusa species, including strain 
An4. Genes putatively coding for enzymes involved in one carbon-metabolism can be found in 
the genome of strain An4. Growth with CO for example involves genes coding for a CODH. As 
mentioned above the genome of strain An4 contains three genes that putatively code for the 
CODH catalytic subunit. One is part of the acetyl-CoA synthase operon (s04:248953-250890), 
one is situated up- and down-stream of genes coding for hypothetical proteins (s01:38061-
40187), and one that is only 336 bp long is situated downstream of a small (1110 bp) acsB 
(s04:31146-31481). Only the cooS that is part of the acetyl-CoA synthase operon is expressed 
when Sporomusa strain An4 grows at the selected growth conditions (Table 3.1). 
Sporomusa strain An4 can also grow with formate but formate can also be an intermediate of 
the acetyl-CoA pathway. The genome of strain An4 contains four putative FDHs. Two dimeric 
cytoplasmic FDHs (s02:691908-691925, s14:45413-48330), one dimeric periplasmic FDH 
(s02:705272-705302), the small subunit contains a tat motif, which indicates transport of the FDH 
complex into the periplasm. One trimeric cytoplasmic FDH (s04:265929-271744) that contains 
a predicted ferredoxin and NADH binding site, suggesting possible confurcating function. The 
latter FDH genes are situated upstream of the acetyl-CoA synthase operon (Figure 3.1) and the 
product of these FDH genes were measured in high abundance in the proteome analysis of all 
growth conditions (Table 3.1). 



Genome and proteome analysis reveals novel insight of the one-carbon metabolism of Sporomusa strain An4

67

Table 3.1: Proteomic data of proteins involved in the acetyl-CoA pathway of Sporomusa strain An4. The 
table shows the predicted function of the proteins, the reference to the genome, and their related peptide 
abundance in the five different growth conditions: hydrogen and carbon dioxide (H2 CO2), methanol 
(MeOH), methanol and nitrate (NO3

-), betaine (B), and fructose (F). The proteins that are part of the 
acetyl-CoA synthase operon and a formate dehydrogenase are boxed. Abbreviations are similar as used 
in Figure 3.1.
Function Reference to genome H2 CO2 MeOH NO3

- B F

Phosphate acetyltransferase s01:1019277-1018705 31 29 16 25 42

acsB s04:31610-32719 246 270 99 99 117

MetF s04:117333-118217 5	 6 4 2 7

Methenyl-THF cyclohydrolase s04:243851-244483 102 118 41 51 86

Methylene-THF dehydrogenase s04:244496-245359 79 128 40 67 100

Acetyl-CoA synthase operon

cooC I s04:256651-257406 28 57 10 43 77

formate-THF ligase s04:246990-248750 2053 1769 971 944 1337

CooS s04:248953-250890 718 619 232 278 353

acsB s04:250966-253092 564 713 252 226 307

acsC s04:253218-254561 673 779 635 476 819

ferredoxin s04:254634-256604 130 153 77 50 71

cooC II s04:256651-257406 28 57 10 43 77

acsD s04:257428-258396 312 284 173 208 323

acsE (CH3-THF 
methyltransferase)

s04:258478-259269 170 196 94 139 209

heterodisulfide reductase, C 
subunit 

s04:259305-259895 30 38 31 14 42

heterodisulfide reductase, B 
subunit 

s04:259892-260755 59 59 19 26 40

heterodisulfide reductase, A 
subunit

s04:260877-263705 291 312 181 116 210

methyl-viologen-reducing 
hydrogenase, delta subunit 

s04:263708-264115 36 36 6 21 38

Zinc-finger protein s04:264137-264805 64 81 46 34 76

MetF s04:264802-265755 112 120 53 63 107

Formate dehydrogenase

FDH gamma subunit s04:265929-266465 35 36 40 24 52

FDH beta subunit s04:266455-268209 235 224 186 148 275

FDH alpha subunit s04:268226-271744 756 751 574 501 749

acsB s06:160691-162826 137 146 76 53 93

acetate kinase s07:150561-151763 160 175 116 193 195

formate-THF ligase s09:188329-186662 311 364 1275 983 191

MetF s16:4696-6210 6 10 14 7 2
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Figure 3.2: Methyltransferase genes, mtaB and mtaC, predicted to be involved in methanol-specific 
methyl transfer of Sporomusa strain An4. Including a CH3-THF methyltransferase (CH3-THF MT) and a 
cobalamin synthesis protein (cobalamin SP) upstream. 

The genome of strain An4 contains a gene coding for a methyltransferase that is predicted to be 
methanol specific (s02:49951-48572). The amino acid sequence of this putative methyltransferase 
(MT) was used for BLAST analysis to find homologs. BLAST results showed 99% coverage and 
62% amino acid identity with the methanol: corrinoid MT, MtaB, of M. thermoacetica (data not 
shown). Another MT gene (s02:50613-49951) is situated downstream of the methanol MT in the 
genome of Sporomusa strain An4. This gene is homologous to the MT MtaC of M. thermoacetica, 
with 98% coverage and 45% amino acid identity (data not shown). Situated upstream of the mtaB 
homolog is a CH3-THF MT gene (s02:48497-47700) and a gene coding for a cobalamin synthesis 
protein (s02:47458-46865, Figure 3.2). 
In Moorella thermoacetica the two genes mtaB and mtaC are known to code for two subunits of 
a methanol specific MT. Together with another MT, encoded by the mtaA gene, methyl transfer 
from methanol to THF is performed. Six possible mtaA genes can be found in the genome of 
Sporomusa strain An4. BLAST analysis showed that these six genes had a variety between 93% to 
97% coverage and 24% to 31% identity with MtaA in M. thermoacetica (data not shown). 
The proteome analysis revealed that the products of the two MT genes, mtaB and mtaC, had 
a high protein abundance in strain An4 when grown with methanol (Table 3.2). This strongly 
indicates that the products of these genes are produced. However, none of the six possible mtaA 
homologs showed any abundance in the proteome results of the methanol and the methanol with 
nitrate growth condition (Supplementary file S1). Moreover, the gene product of the CH3-THF 
MT (s02:48497-47700) gene upstream of the mtaB showed high abundace in the methanol and 
the methanol with nitrate growth condition, suggesting its involvement in methanol metabolism. 
The MtaC protein is a cobalamin binding protein. Production of cobalamin biosynthesis and 
transport proteins by strain An4 was suggested by the proteome data (Supplementary file S1). 
More genes coding for MTs that function in a similar manner as the methanol MTs can be 
found in the genome of strain An4. These include genes putatively coding for  tri-, di- and mono-
methylamine (TMA, DMA and MMA, respectively) MTs, which could apart from being involved in 
the utilization of methylamines also be part of methyl group oxidation in the betaine metabolism.

mtaB mtaC
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Table 3.2: Proteomic data of proteins involved in methanol metabolism in Sporomusa strain An4. The 
table shows the predicted function of the proteins, the reference to the genome, and their related peptide 
abundance in the five different growth conditions: hydrogen and carbon dioxide (H2 CO2), methanol 
(MeOH), methanol and nitrate (NO3

-), betaine (B), and fructose (F).

Function Reference to genome H2 CO2 MeOH NO3
- B F

CH3-THF MT s02:48497-47700 5 317 110 0 2
MtaB s02:49951-48572 49 996 848 21 26
MtaC s02:50613-49951 35 631 527 9 20

  
3.4.4 Betaine metabolism
Betaine was described to be utilized via reduction to trimethylamine and acetyl phosphate in 
Sporomusa species. The electrons required for this reaction can be generated via the oxidation 
of methyl groups 1,23. The genome of Sporomusa strain An4 contains genes putatively coding for 
the glycine/sarcosine/betaine reductase components A, B and C. The substrate specificity of the 
three different reductases of Eubacterium acidaminophilum was described to be dependent on 
the strict specificity of the three different B components 24. B components consist of an alpha 
and a beta subunit in an α2β2 structure. Subunits GrdEB are described to be glycine specific, 
GrdGF sarcosine specific, and GrdIH betaine specific 24. We aligned the amino acid sequence of 
the B components of E. acidaminophilum with those of Sporomusa strain An4 and constructed a 
Neighbor-Joining Tree (Supplementary file S2). The genome of An4 encodes two B components 
with an alpha and beta subunit. The two subunits of one B component (s02:956398-955076 and 
s02:955063-953744) cluster together with the GrdI and GrdH of E. acidaminophilum, suggesting 
specificity for betaine. The other two genes of strain An4 (s02:984589-983303 and s02:983278-
981968), however, did not cluster clearly, leaving the substrate specificity indistinct. 
The proteome results indicate the production of the glycine/sarcosine/betaine reductase 
components A, B and C by strain An4. This included both above described substrate specific 
B components, suggesting the production of a betaine reductase and a sarcosine or glycine 
reductase by strain An4. Additionally, a thioredoxin involved in these reductase catalysed reactions 
was also detected in the proteome analysis (Table 3.3).
The putative A component and beta subunit of the B components in strain An4 are selenocysteine 
containing proteins. Selenocysteine incorporation into a protein requires the presence of a 
selenocysteine incorporation system. Genes encoding such a system are present in the genome 
of strain An4. Additionally, the proteins involved in this system are produced by strain An4 (Table 
3.3).
Many MTs showed high abundance during growth of strain An4 with betaine. These MTs 
were predominantly TMA MTs. Two other MTs showed high abundance in the betaine growth 
condition, tetrahydromethanopterin S-MT subunit H (s02:1027341-1026421) and a CH3THF 
MT (s02:987110-986313), suggesting that they could be involved in the betaine metabolism of 
Sporomusa strain An4.
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Table 3.3: Proteomic data of proteins involved in betaine metabolism and the selenocysteine incorporation 
system in Sporomusa strain An4. The table shows the predicted function of the proteins, the reference to 
the genome, and their related peptide abundance in the five different growth conditions: hydrogen and 
carbon dioxide (H2 CO2), methanol (MeOH), methanol and nitrate (NO3

-), betaine (B), and fructose (F).
Function Reference to genome H2 CO2 MeOH NO3

- B F

MttA/MtbA/MtmA s01:223800-222931 0 0 0 6 0

MttB s01:235381-233915 12 2 48 159 7

MttB s01:236881-235415 9 0 18 177 4

MttC s01:237546-236914 9 1 30 140 4

Betaine reductase component B beta 
subunit 

s02:955063-953744 20 97 34 634 33

Betaine reductase component B alpha 
subunit 

s02:956398-955076 29 95 41 749 46

L-seryl-tRNA(Sec) selenium transferase s02:957810-956425 0 0 4 9 0

Glycine/sarcosine/betaine reductase 
component C chain 2

s02:959004-957838 5 17 4 218 18

Glycine/sarcosine/betaine reductase 
component C chain 1

s02:960547-959009 21 85 48 612 46

Selenocysteine-specific translation 
elongation factor

s02:964433-962559 0 0 0 15 0

Selenide,water dikinase s02:965472-964441 0 0 0 10 0

Glycine betaine transporter OpuD s02:967011-965521 0 0 0 5 0

Glycine/sarcosine/betaine reductase 
protein A 

s02:967496-967011 0 0 1 6 0

Glycine/sarcosine/betaine reductase 
component C chain 2

s02:969321-968155 1 3 9 67 5

Glycine/sarcosine/betaine reductase 
component C chain 1

s02:970864-969326 37 52 23 282 12

Thioredoxin s02:971933-971616 7 2 0 64 2

MttB s02:979643-978258 32 0 78 505 11

MttB s02:981223-979757 37 7 108 474 25

MttC s02:981887-981255 13 2 44 239 4

Glycine/sarcosine reductase component 
B beta subunit 

s02:983278-981968 12 0 48 337 13

Glycine/sarcosine reductase component 
B alpha subunit 

s02:984589-983303 5 0 11 105 0

5-CH3THF homocysteine MT s02:987110-986313 5 0 3 160 4

MttC s02:1019796-1019149 0 0 0 8 0

MttA/MtbA/MtmA s02:1020874-1019798 0 0 0 18 0

MttC s02:1024844-1024197 0 1 0 229 11

MttB s02:1026315-1024885 2 0 3 701 24

N5-CH3-tetrahydromethanopterin coM 
MT subunit H 

s02:1027341-1026421 3 8 4 539 11

MttB s03:82561-81161 0 0 0 11 0
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3.4.5 Hydrogen metabolism
The genome of Sporomusa strain An4 contains four [FeFe] hydrogenases and three [NiFe] 
hydrogenases, divided in the following groups: One trimeric NADH binding (possible 
bifurcating) [FeFe] hydrogenase (s02:952536-948975); One trimeric membrane associated [FeFe] 
hydrogenase (s02:218844-216550), with a cytochrome b as the membrane associated subunit; 
Two single [FeFe] hydrogenases, one is predicted to be cytoplasmic (s01:660545-659154) and 
the other membrane associated (s04:173095-175008); One dimeric membrane linked [NiFe] 
hydrogenase (s02:868100- 865482); One dimeric cytoplasmic [NiFe] hydrogenase (s01:852958-
855286); One trimeric periplasmic membrane associated hydrogenase (s04:378765-382552). 
The small subunit (s04:378765-379895) of this hydrogenase contains a tat signal motif, which 
suggests transport of the complex to the periplasm. Moreover, the membrane associated subunit 
is a putative 4 transmembrane helix containing cytochrome b. The proteome results showed 
protein abundance of the NiFe hydrogenase (s04:378765-382552) and NADH binding [FeFe] 
hydrogenase (s02:952536-948975) in all five growth conditions (Supplementary data S1). No 
other hydrogenases were detected in the proteome.  

Table 3.4: Proteomic data of proteins involved in the fructose metabolism in Sporomusa strain An4. The 
table shows the predicted function of the proteins, the reference to the genome, and their related peptide 
abundance in the five different growth conditions: hydrogen and carbon dioxide (H2 CO2), methanol 
(MeOH), methanol and nitrate (NO3

-), betaine (B), and fructose (F).
Function Reference to genome H2 CO2 MeOH NO3

- B F

Pyruvate kinase s01:263433-263185 0 0 0 0 0

Fructose-bisphosphate aldolase s01:453162-454010 4 21 0 15 9

Fructose-bisphosphate aldolase s01:586052-585123 18 38 14 21 67

Pyruvate kinase s01:768932-770686 12 32 19 20 19

Enolase s02:168899-167613 40 53 88 84 85

phosphoglycerate mutase s02:170488-168947 2 3 5 2 6

Triosephosphate isomerase s02:171258-170506 7 12 11 10 12

Phosphoglycerate kinase s02:172467-171280 13 9 10 16 25

NAD-dependent 
glyceraldehyde-3-phosphate 
dehydrogenase

s02:173554-172547 64 75 97 77 121

Phosphoenolpyruvate-protein 
phosphotransferase of PTS 
system

s03:92519-90783 11 24 33 25 262

PTS system, fructose-specific 
IIA component

s03:93272-92820 1 7 1 4 28

PTS system, fructose-specific 
IIB and IIC component

s03:94704-93331 2 6 2 1 24

1-phosphofructokinase s03:95679-94741 0 0 0 0 9

Transcriptional repressor of 
the fructose operon

s03:96462-95692 0 1 0 0 16

Pyruvate,phosphate dikinase s14:90011-92668 218 267 275 292 1147
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3.4.6 Fructose metabolism
Sporomusa strain An4 was described, like S. ovata, to grow with fructose, but not with glucose 11. 
The genome of Sporomusa strain An4 contains all genes required for the fermentation of fructose-
6-phosphate to pyruvate and eventually acetate. Additionally, the phosphotransferase system 
(PTS) necessary to transport fructose into the bacterial cell and simultaneously phosphorylate 
the sugar, to fructose-6-phosphate, is also encoded in the genome of strain An4. Moreover, all 
proteins necessary for fructose degradation were detected in the proteome analysis (Table 3.4).

3.4.7 Electron acceptor metabolism
Sporomusa strain An4, like Sporomusa ovata, reduces nitrate via nitrite to ammonium 11. In the genome 
of strain An4 genes involved in nitrate reduction and nitrite reduction were identified (Figure 3.3). 
The napGHCA genes, are positioned next to each other. Additionally, a nrfH (s06:206354-206827) 
and nrfA (s06:206820-208109) gene are near the napGHCA cluster. Between the napGHCA cluster 
and the nrfHA nitrite reduction genes are cytochrome c biosynthesis genes, ccmA (s06:200761-
201282), ccmB (s06:201254-201931), ccmC (s06:201946-202620), ccmE (s06:202620-202982), 
and a ccmF gene (s06:202990-205176). Moreover, a hydroxylamine reductase gene (s06:208981-
210624) is upstream the nrfH and nrfA genes.
Another gene known to be involved in cytochrome c biosynthesis, ccdA gene, is also present 
in the genome of strain An4 (s04:361456-362160). In addition, gene copies of the ccmA 
(s01:189649-189035, s09:89626-89012) ccmB (s01:188958-188383, s09:89037-88360), ccmC 
(s01:188374-187715, s09:88351-87692), ccmE (s01:187718-187347, s09:87695-87324), ccmF 
(s09:87327-85135), nrfH (s09:85098-84625), nrfA (s09:84632-83349), and hydroxylamine 
reductase (s09:81617-83281) are present in the genome.
Nitrate reductase, nitrite reductase, hydroxylamine reductase and cytochrome c biosynthesis 
proteins are all detected in the proteome analysis (Table 3.5). However, these proteins are mainly 
encoded by the genes illustrated in figure 3.3. Nearly none of the gene copy products showed 
protein abundance.  

As mentioned the ability of strain An4 to reduce (per)chlorate was lost. Typical genes involved 
in perchlorate reduction were not found in the genome. 

s06:196037_210624

Figure 3.3: Relative location of nitrate reduction genes, nitrite reduction genes, c type cytochrome 
biosynthesis genes and neighbouring genes in the Sporomusa strain An4 draft genome. 
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Table 3.5: Proteomic data of proteins involved in nitrate reduction, nitrite reduction and the biosynthesis 
of cytochrome c in Sporomusa strain An4. The table shows the predicted function of the proteins, the 
reference to the genome, and their related peptide abundance in the five different growth conditions: 
hydrogen and carbon dioxide (H2 CO2), methanol (MeOH), methanol and nitrate (NO3

-), betaine (B), 
and fructose (F).
Function Reference to genome H2 CO2 MeOH NO3

- B F

NapG s06:196037-196582 2 5 29 10 0

NapH s06:196582-197379 0 0 9 0 0

NapA s06:197916-200177 0 0 170 0 0

CcmA s06:200761-201282 0 0 5 0 0

CcmC s06:201946-202620 0 0 5 0 0

CcmF s06:202990-205176 0 0 37 0 0

Heme biosynthesis protein s06:205231-206214 0 0 10 0 0

NrfH s06:206354-206827 0 0 24 0 0

NrfA s06:206820-208109 5 1 177 3 2

Hydroxylamine reductase s06:208981-210624 10 18 76 11 9

Hydroxylamine reductase s09:81617-83281 0 5 1 0 0

NrfA s09:84632-83349 4 6 2 3 2

Table 3.6 Enzyme activity (in U/mg) measured from cell free extracts of Sporomusa strain An4 cells 
grown with H2 and CO2, methanol (MeOH), and methanol and nitrate (NO3

-). Enzymes measured 
included carbon monoxide dehydrogenase (CODH), formate dehydrogenase (FDH), nitrate reductase 
(NO3

- reductase) and nitrite reductase (NO2
-
 reductase). The activity values are averages of biological 

replicates (n3). Standard deviation (SD) between replicates are included. Moreover, reference to the 
proteome/genome is given and the proteome data values are included in parentheses.
Enzyme name Reference to proteome/

genome
H2 CO2 SD MeOH SD NO3- SD

CODH CooS/
s04:248953-250890

1.47 
(718)

0.2 1.37 
(619)

0.15 0.45 
(232)

0.06

FDH FDH alpha subunit/
s04:268226-271744

2.44 
(756)

0.18 2.2 
(751)

0.2 1.86 
(574)

0.15

NO3
- reductase NapA/

s06:197916-200177
0.55 
(0)

0.11 0.77 
(0)

0.13 5.88 
(170)

0.18

NO2
- reductase NrfA/

s06:206820-208109
0.37 
(5)

0.15 0.51 
(1)

0.07 8.1 
(177)

0.2

3.4.8 Enzyme activity measurements
Additional enzyme activity measurements were performed on some of the key enzymes to 
relate the abundances of proteins determined by proteomics to protein function. The enzymes 
measured are: carbon monoxide dehydrogenase, formate dehydrogenase, nitrate reductase and 
nitrite reductase. Enzymes were measured from the cell free extract from cells grown with 
H2 and CO2, methanol, and methanol and nitrate. Activities were measured in all three growth 
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conditions, which indicates that the proteins are produced. Moreover, the nitrate reductase and 
the nitrite reductase activities are higher in cell free extracts of cells grown with methanol and 
nitrate.

3.5 Discussion   
By combining genome and proteome analysis, physiological information about Sporomusa strain 
An4 was obtained. Strain An4 was isolated with methanol and perchlorate, but unfortunately, 
the strain had lost its ability to use perchlorate as electron acceptor before we could analyse 
the proteins involved. Moreover, the genome comparison with Sporomusa ovata did not result 
in candidate genes that could be involved in the perchlorate reduction of strain An4. Clark et al. 
describes that chlorate reduction genes are flanked by insertion sequences and suggests that it is 
a highly mobile metabolism 55. In Alicycliphilus denitrificans strain BC the chlorate reduction genes 
are located on a plasmid 56. Apparently, Sporomusa strain An4 lost genes involved in perchlorate 
reduction before the start of our experiments. The deposited DSM strain cannot reduce (per)
chlorate any more either. 
The genome comparison between Sporomusa ovata and Sporomusa strain An4 showed only a few 
differences. The function of these proteins and why they are present in strain An4 and not in S. 
ovata cannot be concluded from our analysis. Furthermore, the comparison showed an ANI value 
that was higher than the 95 to 96% value that corresponds to the 70% DNA-DNA hybridization 
level. Therefore, we can conclude that Sporomusa strain An4 is a Sporomusa ovata strain.   
The proteome analysis was performed without biological replicates. Therefore, growth 
conditions cannot be well compared when changes in protein levels occur, but the proteome 
data indicate whether a protein is abundantly produced at a certain growth condition. Higher 
protein abundance lowers the chance of false positives, making it more reliable that a protein is 
produced. In addition, four enzyme activities were measured to support that protein abundance 
in the proteome data corresponds to protein production. 
The proteome results indicate the production of proteins involved in cobalamin synthesis 
and transport. Cobalamin is essential for growth with methanol due to the production of the 
cobalamin binding MtaC, which is involved in methanol metabolism. However, this was partly 
expected from previous experiments with Sporomusa ovata. Stupperich et al. 16 showed that a 
cobalamin binding methanol specific MT was expressed by S. ovata and they hypothesized that 
the enzyme was involved in the cleavage of the C-O bond of methanol, the transfer of the 
CH3 of methanol metabolism or both. Later, the CH3-group from methanol was found to be 
transferred to THF, creating CH3-THF and an entrance into the acetyl-CoA pathway 15. CH3 
transfer of methanol in the close relative Moorella thermoacetica was shown to be due to three 
enzyme subunits that are homologs of the methanogenic methanol:coenzyme M MT system 27,28. 
This system is composed of two MTs 29,30. Methanol: 5-hydroxybenzimidazolylcobamide MT is 
the first MT and consists of two subunits, MtaB and MtaC 31. MtaB catalyzes the transfer of the 
CH3 group from methanol to a corrinoid bound to MtaC. The second MT consists of only one 
subunit (MtaA), which catalyzes the transfer of the CH3 bound to MtaC to coenzyme M 29,30,32,33. 
In Moorella thermoacetica the CH3 is transferred to THF by the MtaA homolog 28. 
We found three MT gene products that have high abundance when grown with methanol and 
with methanol and nitrate. Two of these MT genes have high similarity to the mtaB and mtaC 
of Moorella thermoacetica. However, no putative mtaA gene product was abundant when strain 
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An4 was grown with methanol or methanol and nitrate. Instead the gene product of a putative 
CH3-THF MT gene, situated upstream of the mtaB, showed a high abundance. This suggests its 
involvement in the methanol metabolism. Therefore, we propose a novel methanol metabolism 
without the involvement of a MtaA homolog. Instead of MtaA, the CH3-THF MT transfers the 
CH3 group bound to MtaC to THF (Figure 3.4B). 

The FDH upstream of the acetyl-CoA synthase operon is the only FDH with peptide counts 
in all five growth conditions. This together with the proximity of the FDH to the acetyl-CoA 
synthase operon suggests that this FDH is generally involved in the acetyl-CoA pathway. The 
other FDHs present in the genome might be involved in other growth conditions, for example 
in growth with formate as a substrate. 

In the proteome nearly all the proteins involved in the reduction of nitrate are present when 
nitrate was added as electron acceptor. NapA is the periplasmic nitrate reductase which obtains 
its electrons from the cytoplasmic membrane quinol pool by electron transport of either 
NapC or NapGH. Both NapC and NapGH are quinol dehydrogenases. They can be present in 
microorganisms separately or together 34-38. Although napC was present in the genome, its

Figure 3.4: Methanol metabolism of Moorella thermoacetica (A) and proposed methanol metabolism in 
Sporomusa strain An4 (B). The AcsB subunit of methanol methyltransferase one (MT1) cleaves the C-O 
bond of methanol and transfers the CH3 to the MtaC subunit. Subsequently, in M. thermoacetica MtaA 
catalyses the transfer of the CH3 group to THF (A). In Sporomusa strain An4 the CH3-THF MT catalyses 
the transfer of the CH3 group to THF, creating CH3-THF (B).

CH3OH CH3-

MtaC

MtaB
MtaC

MtaB

THF

CH3-THF MT

MT1

CH3-THF

CH3OH CH3-

MtaC

MtaB
MtaC

MtaB

THF

MtaA

MT1

CH3-THF

A 

B 



Chapter 3

76

product was not found in the proteomics data. This could mean that either strain An4 only 
uses the NapGH quinol dehydrogenase complex to transport electrons to nitrate reductase 
NapA, or the quinol dehydrogenase NapC was not detected, since it is a membrane protein. 
Membrane proteins like NapC can be difficult to extract and hence difficult to detect compared 
to periplasmic and cytoplasmic proteins. 
In nitrate reduction c-type cytochromes are important for the translocation of electrons. The 
biosynthesis of c-type cytochromes, also called the Ccm system, consists of up to ten components. 
These components are CcmA to CcmI and CcdA or DsbD 39. In Sporomusa strain An4 ccmA, 
ccmB, ccmC, ccmE and ccmF can be found in the genome near the nitrate reduction genes. A ccdA 
gene is also present in the An4 genome, but only CcmA, CcmC and CcmF protein levels were 
detected. CcmB, CcmE and CcdA are membrane proteins and therefore might not be detected.

High abundance of betaine reductase was found when Sporomusa strain An4 was grown with 
betaine. Additionally, high enzyme levels were found for another reductase, a glycine or sarcosine 
reductase (s02:984589-981968). Since Sporomusa strain An4 can grow with both sarcosine and 
glycine 11 it is not immediately clear which substrate specificity this enzyme has. 
Sporomusa ovata can only utilize sarcosine, not glycine, and produces methylamine, acetate and 
CO2, which suggests the involvement of a reductive cleavage reaction. Moreover, Möller et al. 
1 also suggested that during growth with betaine a small amount of betaine was demethylated 
to N,N dimethyl-glycine in Sporomusa species. Subsequently, this N,N dimethyl-glycine was 
presumably demethylated further to sarcosine. This, together with the fact that the genome 
comparison between the two Sporomusa strains did not indicate that strain An4 uses a different 
reaction for sarcosine utilization, leads us to think that strain An4 uses a sarcosine reductase for 
betaine degradation and not a glycine reductase. 
The proteome analysis shows high abundance of many MTs, predominantly TMA MTs, during 
growth with betaine. However, TMA is one of the main end products of betaine degradation 
in Sporomusa species, including strain An4 (data not shown). The betaine reductase requires 
electrons that can be generated via the oxidation of methyl groups 1,23. The TMA MTs,  the DMA 
MT, and the MMA MT might be involved in the oxidation of small amounts of TMA to NH4. 
However, this does not explain the many TMA MT enzymes that are produced during growth 
with betaine.
Two other MTs, tetrahydromethanopterin S-MT subunit H and a CH3THF MT, also showed 
high abundance in the proteomics results during growth with betaine. The gene coding for 
the tetrahydromethanopterin S-MT subunit H is also present in the genome of Sporomusa 
ovata, but is designated as a methyltransferase 2. MtaA, MtmA, MtbA and MttA MTs are also 
methyltransferase 2 enzymes. The tetrahydromethanopterin S-MT subunit H could, therefore, 
be involved in the methyl transfer from a corrinoid bound TMA MT to THF; or maybe the MTs 
that have high abundance in strain An4 during growth with betaine are somehow involved in 
demethylation of betaine to sarcosine. Clearly, growth with betaine leads to the production of 
many MTs in Sporomusa strain An4. 

This study improved our understanding of the pathways involved in the different growth 
conditions. Moreover, it revealed novel insights on the methanol metabolism of Sporomusa strain 
An4.  
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4.1 Abstract

Desulfotomaculum kuznetsovii is a moderately thermophilic member of the polyphyletic 
sporeforming genus Desulfotomaculum in the family Peptococcaceae. This species is of interest 
because it originates from deep subsurface thermal mineral water at a depth of about 3000 
m. D. kuznetsovii is a rather versatile bacterium as it can grow with a large variety of organic 
substrates, including short-chain and long-chain fatty acids, which are degraded completely to 
carbon dioxide coupled to the reduction of sulfate. It can grow methylotrophically with methanol 
and sulfate and autotrophically with H2 + CO2 and sulfate. For growth it does not require any 
vitamins. Here, we describe the features of D. kuznetsovii together with the genome sequence and 
annotation. The chromosome has 3,601,386 bp organized in one contig. A total of 3567 candidate 
protein encoding genes and 58 RNA genes were identified. Genes of the acetyl-CoA pathway, 
possibly involved in heterotrophic growth with acetate and methanol, and in CO2 fixation during 
autotrophic growth are present. Genomic comparison revealed that D. kuznetsovii shows a high 
similarity with Pelotomaculum thermopropionicum. Genes involved in propionate metabolism of 
these two strains show a strong similarity. However, main differences are found in genes involved 
in the electron acceptor metabolism.

4.2 Introduction

Desulfotomaculum kuznetsovii strain 17T (VKM B-1805; DSM 6115) is a moderately thermophilic 
sulfate reducing bacterium isolated from deep subsurface thermal mineral water 1. It grows with 
a wide range of substrates, including organic acids, such as long-chain fatty acids, short-chain fatty 
acids (butyrate, propionate, acetate), lactate, pyruvate, fumarate and succinate as well as ethanol 
and methanol. These substrates are degraded to CO2 coupled to sulfate reduction. The strain is 
also able to grow autotrophically with H2, CO2 and sulfate and to ferment pyruvate and fumarate. 
For growth, D. kuznetsovii has no vitamin requirement. 
Desulfotomaculum is a genus of Gram-positive, spore forming anaerobes that is phylogenetically 
and physiologically very diverse. The genus is poorly studied physiologically, while its members 
are known to play an important role in the carbon and sulfur cycle in a variety of often adverse 
environments. The genus is divided phylogenetically into different subgroups 2, 3. To get a thorough 
understanding of the evolutionary relationship of the different Desulfotomaculum subgroups and 
the physiology of the individual species, it is important to have genome sequence information. Here, 
we present a summary of the features of D. kuznetsovii strain 17T, together with the description 
of the complete genomic sequencing and annotation. Moreover, we describe a physiological 
and genomic comparison of D. kuznetsovii strain 17T and Pelotomaculum thermopropionicum strain 
SIT, because phylogenetically P. thermopropionicum is the closest related organism with a validly 
published name that has a completely sequenced genome. However, the two strains have different 
physiological traits. For example, P. thermopropionicum is not able to grow by sulfate reduction, 
but is able to grow in syntrophy with methanogens. D. kuznetsovii lacks this ability. By comparing 
the genomes of the two bacteria we were able to identify the main similarities and differences.

4.3 Classification and features

D. kuznetsovii is a member of the phylum Firmicutes. Phylogenetic analysis of the 16S rRNA genes 
of D. kuznetsovii shows that it clusters in Desulfotomaculum cluster 1. This cluster not only contains 
Desulfotomaculum species, but also members of the genera Sporotomaculum, Cryptanaerobacter 
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and Pelotomaculum. D. kuznetsovii is part of subgroup 1c together with D. solfataricum, D. luciae, D. 
thermosubterraneum, D. salinum, D. australicum, and D. thermocisternum, while Pelotomaculum species 
belong to subgroup 1h (Figure 4.1) 3.
D. kuznetsovii cells are rod shaped (1.0-1.4 x 3.5-5 μm) with rounded ends and peritrichous 
flagella (Figure 4.2). Spores of D. kuznetsovii are spherical (1.3 μm in diameter) and centrally 
located causing swelling of the cells. D. kuznetsovii grows between 50 and 85°C, but the optimal 
growth temperature is 60-65°C. The substrates D. kuznetsovii can grow with are completely 
oxidized to CO2. Suitable electron acceptors are sulfate, thiosulfate and sulfite. D. kuznetsovii is 
also able to grow by fermentation of pyruvate and fumarate. A summary of the classification and 
general features of D. kuznetsovii is presented in Table 4.1 1.

Figure 4.1: Neighbor joining tree based on 16S rRNA sequences showing the phylogenetic affiliation 
of Desulfotomaculum and related species divided in the subgroups of Desulfotomaculum cluster 1. D. 
kuznetsovii is printed in bold type. The sequences of different Thermotogales were used as outgroup, but 
were pruned from the tree. Closed circles represent bootstrap values between 75 and 100%. The scale 
bar represents 10% sequence difference.
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Table 4.1: Classification and general features of D. kuznetsovii DSM 6115 according to the MIGS 
recommendations 4.

MIGS ID Property Term Evidence codea

Current classification Domain Bacteria TAS 5

Phylum Firmicutes TAS 6-8

Class Clostridia TAS 9, 10

Order Clostridiales TAS 11, 12

Family Peptococcaceae TAS 12, 13

Genus Desulfotomaculum TAS 12-14

Species Desulfotomaculum kuznetsovii TAS 1,16

Type strain 17
Gram stain Positive TAS 1

Cell shape Rods TAS 1

Motility peritrichous flagella TAS 1

Sporulation oval, terminal or subterminal, slightly 
swelling the cell.

TAS 1

Temperature range 50-85°C TAS 1

Optimum temperature 60-65°C TAS 1

Carbon source CO2 (autotrophic) and organic 
substrates (heterotrophic)

TAS 1

Energy source Sulfate-dependent growth and 
fermentative growth with pyruvate 
and fumarate.

TAS 1

Electron acceptor Sulfate, thiosulfate and sulfite. TAS 1

MIGS-6 Habitat Geothermal groundwater, sediment 
and hot solfataric fields.

TAS 1, 15, 16

MIGS-6.3 Salinity 2-3% NaCl TAS 1

MIGS-22 Oxygen Obligate anaerobes TAS 1

MIGS-15 Biotic relationship Free living TAS 1

MIGS-14 Pathogenicity None
MIGS-4 Geographic location Sukhumi, Georgia TAS 1

MIGS-5 Sample collection time 1987 or before TAS 1

MIGS-4.1 Latitude 43.009 TAS 1

MIGS-4.2 Longitude 40.989 TAS 1

MIGS-4.3 Depth 2800-3250 m TAS 1

Evidence codes - TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS: Non-
traceable Author Statement (i.e., not directly observed for the living, isolated sample, but based on a 
generally accepted property for the species, or anecdotal evidence). Evidence codes are from the Gene 
Ontology project 17.
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4.4 Genome sequencing and annotation

Genome project history
D. kuznetsovii was selected for sequencing in the DOE Joint Genome Institute Community 
Sequencing Program 2009, proposal 300132_795700 ‘Exploring the genetic and physiological 
diversity of Desulfotomaculum species’, because of its phylogenetic position in one of the 
Desulfotomaculum subgroups, its important role in bioremediation, and its ability to use propionate, 
acetate and methanol for growth. The genome project is listed in the Genome OnLine Database 
(GOLD) 18 as project Gc01781, and the complete genome sequence was deposited in Genbank. 
Sequencing, finishing and annotation of the D. kuznetsovii genome were performed by the DOE 
Joint Genome Institute (JGI). A summary of the project information is shown in Table 4.2.

4.5 Growth conditions and DNA isolation

D. kuznetsovii was grown anaerobically at 60°C in bicarbonate buffered medium with propionate 
and sulfate as substrates 1. DNA of cell pellets was isolated using the standard DOE-JGI CTAB 
method recommended by the DOE Joint Genome Institute (JGI, Walnut Creek, CA, USA). In 
short, cells were resuspended in TE (10 mM tris; 1 mM EDTA, pH 8.0). Subsequently, cells were 
lysed using lysozyme and proteinase K, and DNA was extracted and purified using CTAB and 
phenol:chloroform:isoamylalcohol extractions. After precipitation in 2-propanol and washing 
in 70% ethanol, the DNA was resuspended in TE containing RNase. Followed by a quality 
and quantity check using agarose gel electrophoresis in the presence of ethidium bromide, 
and spectrophotometric measurement using a NanoDrop ND-1000 spectrophotometer 
(NanoDrop® Technologies, Wilmington, DE, USA).

4.6 Genome sequencing and assembly

The genome was sequenced using a combination of Illumina and 454 sequencing platforms. 
All general aspects of library construction and sequencing can be found at the JGI website 19. 
Pyrosequencing reads were assembled using the Newbler assembler (Roche). The initial Newbler 
assembly consisting of 81 contigs in five scaffolds was converted into a phrap 20 assembly by making 
fake reads from the consensus, to collect the read pairs in the 454 paired end library. Illumina 

Figure 4.2: Scanning electron microscopic photograph of D. 
kuznetsovii.
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GAii sequencing data (570.2 Mb) was assembled with Velvet 21 and the consensus sequences 
were shredded into 1.5 kb overlapped fake reads and assembled together with the 454 data. 
The 454 draft assembly was based on 134.6 Mb 454 draft data and all of the 454 paired end data. 
Newbler parameters are -consed -a 50 -l 350 -g -m -ml 20. The Phred/Phrap/Consed software 
package 20 was used for sequence assembly and quality assessment in the subsequent finishing 
process. After the shotgun stage, reads were assembled with parallel phrap (High Performance 
Software, LLC). Possible mis-assemblies were corrected with gapResolution 19, Dupfinisher 22, or 
sequencing cloned bridging PCR fragments with subcloning. Gaps between contigs were closed 
by editing in Consed, by PCR and by Bubble PCR primer walks (J.F. Chang, unpublished). A total 
of 400 additional reactions and one shatter library were necessary to close gaps and to raise 
the quality of the finished sequence. Illumina reads were also used to correct potential base 
errors and increase consensus quality using a software Polisher developed at JGI 23. The error 
rate of the completed genome sequence is less than 1 in 100,000. Together, the combination of 
the Illumina and 454 sequencing platforms provided 188.8 x coverage of the genome. The final 
assembly contained 323,815 pyrosequence and 15,594,144 Illumina reads.

4.7 Genome annotation

Genes were identified using Prodigal 24 as part of the Oak Ridge National Laboratory genome 
annotation pipeline, followed by a round of manual curation using the JGI GenePRIMP pipeline 25. 
The predicted CDSs were translated and used to search the National Center for Biotechnology 
Information (NCBI) nonredundant database, UniProt, TIGR-Fam, Pfam, PRIAM, KEGG, COG, and 
InterPro databases. Additional gene prediction analysis and functional annotation was performed 
within the Integrated Microbial Genomes - Expert Review (IMG-ER) platform 26.

Table 4.2: Genome sequencing project information.
MIGS ID Property Term

MIGS-31 Finishing quality Finished

MIGS-28 Libraries used Four genomic libraries: one Illumina shotgun library, one 
454 standard library, two paired end 454 libraries

MIGS-29 Sequencing platforms Illumina GAii, 454 Titanium

MIGS-31.2 Fold coverage 158.2 × illumina; 30.6 × pyrosequencing

MIGS-30 Assemblers VELVET, version 0.7.63; Newbler, version 2.3. phrap 
version SPS - 4.24

MIGS-32 Gene calling method Prodigal 1.4, GenePRIMP

INSDC ID CP002770.1

Genome Database release July 20, 2012

Genbank Date of Release May 24, 2011

MIGS-13 GOLD ID
NCBI project ID
Source material identifier

Gc01781
48313
DSM 6115T

Project relevance Obtain insight into the phylogenetic and physiological 
diversity of Desulfotomaculum species, and 
bioremediation.
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4.8 Genome properties and genome comparison with other strains

The genome of D. kuznetsovii consists of a circular chromosome of 3,601,386 bp with 54.88% GC 
content (Table 4.3 and Figure 4.3). 4.66% of the total number of genes was identified as pseudo 
genes. Of the 3.625 genes predicted, 3,567 are protein-coding genes of which 2,560 are assigned 
to COG functional categories. The distribution of these genes into COG functional categories 
is presented in Table 4.4.

The genome of D. kuznetsovii has 58 RNA genes of which three are 16S rRNA genes. This is one 
more than the previously described rrnA and rrnB 27. These two rRNA genes contained two 
large inserts, one at the variable 5’terminal region and one at the variable 3’terminal region. The 
main differences between the two rRNA genes were found in these inserts. These inserts were 
hypothesized to be involved in the operation of ribosomes at high temperatures. However, more 
research is needed to assess the function of these inserts. All three rRNA genes of D. kuznetsovii 
have a size of approximately 1,700 nucleotides. This suggests that the third rRNA gene might 
also contain inserts. Alignment of the 16S rRNA genes confirmed the presence of inserts in all 
three 16S rRNA genes (data not shown).
BLAST analysis 28, 29 of the genes of D. kuznetsovii against genes in the KEGG Sequence Similarity 
DataBase revealed similarity with other Desulfotomaculum strains (Table 4.5), D. acetoxidans, D. 
carboxydivorans, “D. reducens” and D. ruminis, but interestingly also with non-Desulfotomaculum 
strains. D. kuznetsovii contains 873 genes with high similarity to genes of Pelotomaculum 
thermopropionicum, which is more than to any of the sequenced Desulfotomaculum species. 
Moreover, we identified the conserved proteins of D. kuznetsovii across three related fully 
sequenced species (Table 4.6). The bidirectional best blast hits showed that despite the smaller 
genome of P. thermopropionicum it contained more homologous predicted proteins with D. 
kuznetsovii (1406) compared to D. acetoxidans (1309) and “D. reducens” (1330). This suggests a 
strong physiological similarity between D. kuznetsovii and P. thermopropionicum.

Table 4.3 Genome statistics.

Attribute Value % of totala

Genome size (bp) 3,601,386 100.00
Genome coding region (bp) 3057959 84.91
Genome G+C content (bp) 1,976,601 54.88
Total genes 3,625 100.00
RNA genes 58 1.60
Protein-coding genes 3567 98.40
Genes in paralog clusters 1373 37.88
Genes assigned to COGs 2560 70.62
Pseudo genes 169 4.66

Genes with signal peptides 582 16.06

Genes with transmembrane helices 748 20.63
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Figure 4.3: Graphical map of the chromosome of D. kuznetsovii. From outside to the centre: Genes on the 
forward strand (colored by COG categories), Genes on the reverse strand (colored by COG categories), 
RNA genes (tRNAs green, rRNAs red, other RNAs black), GC content, GC skew.
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Table 4.4: Number of genes associated with the general COG functional categories.

Code Value %agea Description
J 148 5.32 Translation
A 0 0.00 RNA processing and modification
K 184 6.61 Transcription
L 207 7.44 Replication, recombination and repair
B 2 0.07 Chromatin structure and dynamics
D 60 2.16 Cell cycle control, mitosis and meiosis
Y 0 0.00 Nuclear structure
V 35 1.26 Defense mechanisms
T 177 6.36 Signal transduction mechanisms
M 122 4.38 Cell wall/membrane biogenesis
N 79 2.84 Cell motility
Z 2 0.07 Cytoskeleton
W 0 0.00 Extracellular structures
U 75 2.69 Intracellular trafficking and secretion
O 81 2.91 Posttranslational modification, protein turnover, chaperones
C 261 9.38 Energy production and conversion
G 106 3.81 Carbohydrate transport and metabolism
E 197 7.08 Amino acid transport and metabolism
F 55 1.98 Nucleotide transport and metabolism
H 158 5.68 Coenzyme transport and metabolism
I 89 3.20 Lipid transport and metabolism
P 127 4.56 Inorganic ion transport and metabolism
Q 122 3.58 Secondary metabolites biosynthesis, transport and catabolism
R 331 11.89 General function prediction only
S 257 9.23 Function unknown
- 1,065 29.38 Not in COGs
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Table 4.5: Taxonomic distribution of the top KEGG hits of D. kuznetsovii genes based on BLAST against 
KEGG database. Species that had more than 50 genes similar to D. kuznetsovii were included in this 
table, others were only summarized in categories.

Kingdom Category Species Hits
Archaea 91

Crenarchaeota 9
Euryarchaeota 81
Thaumarchaeota 1

Bacteria 2,963
Acidobacteria 2
Actinobacteria 16
Alphaproteobacteria 13
Bacteroidetes 5
Betaproteobacteria 14
Cyanobacteria 19
Deinococcus-Thermus 16
Deltaproteobacteria 62
Epsilonproteobacteria 1
Firmicutes 2,728

Ammonifex degensii 170
Carboxydothermus hydrogenoformans 58
Desulfotomaculum acetoxidans 310
Candidatus Desulforudis audaxviator 154
Desulfotomaculum carboxydivorans 268
Desulfotomaculum reducens 111
Desulfotomaculum ruminis 132
Moorella thermoacetica 183
Pelotomaculum thermopropionicum 873
Thermincola potens JR 104

Fusobacteria 2
Gammaproteobacteria 12
Green nonsulfur bacteria 20
Green sulfur bacteria 4
Hyperthermophilic 
bacteria

31

Other Proteobacteria 1
Spirochaetes 9
Synergistetes 6
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Verrucomicrobia 2
Eukaryotes 3

Plants 1
Protists 2

NULL 342
TOTAL 3,399

Table 4.6: Proteins homologous to D. kuznetsovii proteins in three related species with fully sequenced 
genomes†. Numbers in bolt represent the highest number of homologous proteins. 
Subject DB Desulfotomaculum 

acetoxidans
Desulfotomaculum  
kuznetsovii

Desulfotomaculum 
reducens

Pelotomaculum 
thermopropionicumInput Query

Desulfotomaculum 
acetoxidans

4068 1539 1525 1486

1309 1316 1255

Desulfotomaculum 
kuznetsovii

1509 3398 1518 1645

1309 1330 1406

Desulfotomaculum 
reducens

1537 1571 3276 1438

1316 1330 1211

Pelotomaculum 
thermopropionicum

1430 1600 1395 2919

1255 1406 1211
† BlastP analyses were performed using standard settings and best hits were filtered for 40% identity 
over an alignment length of 75 amino acids as a minimum requirement. The values show the number 
of predicted proteins that are homologous to the query species in each row. The number of similar 
proteins obtained with an unidirectional BLAST is indicated in light grey. Bidirectional best blast hits are 
indicated in dark grey. Proteomes were obtained from ftp.ncbi.nih.gov/Bacteria/. Accession numbers are 
in parenthesis: D. acetoxidans (NC_013216); D. kuznetsovii (NC_015573); “D. reducens” (NC_009253); 
Pelotomaculum thermopropionicum (NC_009454).

4.9 Insights into the genome

4.9.1 Involvement of the acetyl-coA pathway in growth with acetate and methanol
D. kuznetsovii oxidizes acetate completely to CO2. The pathway of acetate degradation has 
not been studied yet, but sulfate reducers may employ the tricarboxylic acid (TCA) cycle or 
the acetyl-CoA pathway for acetate degradation, as exemplified by Desulfobacter postgatei and 
Desulfobacca acetoxidans, respectively 30. Most genes predicted to code for enzymes of the TCA 
cycle are present in the genome of D. kuznetsovii, but genes with similarity to those coding for 
an ATP-dependent citrate synthase and isocitrate dehydrogenase are missing. This suggests that 
the TCA cycle is not complete and that the TCA cycle enzymes have mainly an anabolic function 
or a function in other catabolic pathways, such as the propionate degradation pathway. Genes 
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with similarity to those coding for enzymes involved in the acetyl-CoA pathway are all present 
in the genome of D. kuznetsovii (Figure 4.4), which suggests its involvement in acetate oxidation. 
However, there are no genes similar to those that code for acetate kinase and phosphate 
acetyltransferase present in the genome. The reaction from acetate to acetyl-CoA is likely 
performed by acetyl-CoA synthetase (Desku_1241).
D. acetoxidans is an acetate oxidizing Desulfotomaculum species, positioned in subgroup 1e (Figure 
4.1), that also uses the acetyl-CoA pathway for acetate oxidation to CO2 

31. The genes involved 
in acetate oxidation in D. acetoxidans are similar to those in D. kuznetsovii, but there are some 
exceptions. The genome of D. acetoxidans does not contain a gene that putatively codes for 
acetyl-CoA synthetase, similar to D. kuznetsovii, but contains genes that putatively code for 
an acetate kinase and a phosphate acetyltransferase 32. Additionally, putative carbon-monoxide 
dehydrogenase complex coding genes involved in the acetyl-CoA pathway show differences 
between the two Desulfotomaculum species. D. kuznetsovii lacks a ferredoxin coding gene that 
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Figure 4.4: Pathway of acetate oxidation to CO2 by D. kuznetsovii. Enzymes in this figure are in bold italic 
and their locus tags are included. Genes with the locus tags Desku_1488 and Desku_1490 putatively 
code for the small subunit and the large subunit of the iron-sulfur protein, respectively. This protein is 
involved in transferring the methyl from acetyl-CoA to tetrahydrofolate. Abbreviations: A-CoA S, acetyl-CoA 
synthetase; AcsA, carbon-monoxide dehydrogenase; AcsB, acetyl-CoA synthase; CFeSP, iron-sulfur protein; 
CH3, methyl; THF, tetrahydrofolate; MeTr, methyltransferase.
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is located between cooC (Desku_1493) and acsE (Desku_1487), which in contrast is present 
in the genome of D. acetoxidans (Dtox_1273). Moreover, three genes similar to heterodisulfide 
reductase encoding genes (Desku_1486-1484) are located upstream of acsE in D. kuznetsovii, 
which is not the case in the genome of D. acetoxidans.

Table 4.7: Genes in D. kuznetsovii that are annotated as enzymes involved in propionate metabolism†.

Gene symbol Locus tag Function Homologous protein in 
P. thermopropionicum
Identity (%) Locus tag

sdhB Desku_0434 Succinate dehydrogenase, FeS 
protein

76 PTH_1018

sdhA Desku_0435 Succinate dehydrogenase, 
flavoprotein

76 PTH_1017

sdhC Desku_0436 Succinate dehydrogenase, 
cytochrome b

51 PTH_1016

citE Desku_1348 Citrate lyase 57 PTH_1335
sdhA Desku_1353 Succinate dehydrogenase, 

flavoprotein
83 PTH_1491

sdhB Desku_1354 Succinate dehydrogenase, FeS 
protein

75 PTH_1490

mmcB Desku_1358 Fumarase, N-terminal domain 73 PTH_1356
mmcC Desku_1359 Fumarase, C-terminal domain 77 PTH_1357
mmcD2 Desku_1361 Succinyl-CoA synthetase, alpha 

subunit
78 PTH_1359

mmcE Desku_1362 Methylmalonyl-CoA mutase,
N-terminal domain

77 PTH_1361

mmcF Desku_1363 Methylmalonyl-CoA mutase,
C-terminal domain

82 PTH_1362

mmcG Desku_1364 Methylmalonyl-CoA epimerase 86 PTH_1363
mmcH Desku_1365 Methylmalonyl-CoA decarboxylase,

alpha subunit
75 PTH_1364

mmcI Desku_1366 Methylmalonyl-CoA decarboxylase,
epsilon subunit

82 PTH_1365

mmcJ Desku_1367 Methylmalonyl-CoA decarboxylase,
gamma subunit

56 PTH_1366

mmcK Desku_1368 Malate dehydrogenase 75 PTH_1367
mmcL Desku_1369 Transcarboxylase 5S subunit 66 PTH_1368
pykF Desku_1651 Pyruvate kinase 73 PTH_2214
ppsA Desku_2615 Pyruvate phosphate dikinase 78 PTH_0903
citE Desku_2747 Citrate lyase 56 PTH_1335

†Corresponding homologs in P. thermopropionicum are included.
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Figure 4.5: Gene organization of the mmc cluster in D. kuznetsovii and P. thermopropionicum. Names of 
the genes can be found in table 4.7, except for tps, which is a transposase gene.

Figure 4.6: Propionate degradation pathway in D. kuznetsovii based on genomic data. Enzymes are 
depicted in bold italic. Next to these enzymes are the possible encoding genes, and their locus tags. GCT, 
Glutaconate CoA-transferase; MCD, Methylmalonyl-CoA decarboxylase; PCC, Propionyl-CoA carboxylase; 
MCE, Methylmalonyl-CoA epimerase; MCM, Methylmalonyl-CoA mutase; SCS, Succinyl-CoA synthetase; 
SDH, Succinate dehydrogenase; FHT, Fumarase; MDH, Malate dehydrogenase; OAD, Oxaloacetate 
decarboxylase; PFL, Pyruvate formate lyase.
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4.9.2 Methanol metabolism
Growth of D. kuznetsovii with methanol and sulfate was studied 33. In that study the activity of 
methyltransferase, an enzyme that is involved in methanol metabolism in methanogens and 
acetogens 34, 35, could not be assessed, while low activities of an alcohol dehydrogenase could 
be measured. An alcohol dehydrogenase with a molecular mass of 42 kDa was partially purified 
and showed activity with methanol 33. The genome of D. kuznetsovii contains several alcohol 
dehydrogenase genes (Desku_0165, 0619, 0624, 0628, 2955, 3082) that each code for an enzyme 
with a size of approximately 42 kDa. In the genome, genes with similarity to those coding for 
a methanol methyltransferase mtaA (Desku_0050, 0055, 0060), mtaB (Desku_0051) and mtaC 
(Desku_0048, 0049, 0052, 0056) were also found, suggesting a methanol metabolism as described 
in Moorella thermoacetica 34. Further studies are needed to obtain information about the diversity 
of the methanol-degradation pathways in D. kuznetsovii.

4.9.3 Comparison of D. kuznetsovii and P. thermopropionicum genomes
Genomic comparison revealed that a large number of D. kuznetsovii genes show similarity to 
genes of Pelotomaculum thermopropionicum, a syntrophic propionate oxidizing thermophile (Table 
4.5 and 4.6). Interestingly, among them are genes that putatively code for enzymes involved in 
propionate metabolism (Table 4.7). Moreover, the genetic organization of the methylmalonyl-
CoA (mmc) cluster in the genome of both bacteria is similar (Figure 4.5). However, D. kuznetsovii 
lacks tps, mmcA and mmcM in the mmc cluster. mmcA codes for a response regulator and mmcM 
for pyruvate ferredoxin oxidoreductase.
Based on 16S rRNA gene sequences, D. kuznetsovii and P. thermopropionicum group in cluster group 
c and h of the Desulfotomaculum cluster 1, respectively (Figure 4.1). P. thermopropionicum is known 
for its ability to grow with propionate and ethanol in syntrophic association with methanogens. 
It is not able to grow by sulfate respiration, despite the presence of sulfate reduction genes in 
the genome 36. In contrast, D. kuznetsovii is able to grow with propionate (Figure 4.6) and ethanol 
with sulfate. However, in the absence of sulfate, it cannot grow in syntrophic association with 
methanogens. Therefore, differences are expected in genes coding for hydrogenases, formate 
dehydrogenases, and those involved in sulfate reduction.

4.9.3.1 Sulfate reduction genes 
Figure 4.7 depicts the sulfate reduction pathway of the two strains. In the genome of D. kuznetsovii 
two genes (Desku_2103; Desku_3527) are annotated as phosphoadenosine phosphosulfate 
reductase encoding genes whose corresponding proteins might be involved in assimilatory sulfate 
metabolism. The P. thermopropionicum genome lacks these genes 37. Instead, the P. thermopropionicum 
genome contains an adenylylsulfate kinase gene (PTH_0238). In the dissimilatory sulfate reduction 
pathway, the two strains both have genes that code for enzymes to reduce sulfate to H2S. However, 
P. thermopropionicum is missing the gene that codes for an adenylylsulfate reductase beta subunit, 
which is present in the D. kuznetsovii genome (Desku_1073). Moreover, the gene labeled as a 
dissimilatory sulfite reductase (dsr) alpha and beta subunit in the P. thermopropionicum genome 
(PTH_0242) is not similar to dsrA or dsrB from D. kuznetsovii or any other Desulfotomaculum 
strain. However, it has high similarity to the dsrC gene from D. kuznetsovii, indicating that it is not a 
dsrA or dsrB gene but a dsrC gene (data not shown). Therefore, the inability of P. thermopropionicum 
to grow by sulfate respiration is most likely caused by the absence of an adenylylsulfate reductase 
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beta subunit encoding gene and the dsrAB genes.

4.9.3.2 Hydrogenase and formate dehydrogenase genes 
Schut and Adams (2009) 38 showed that the trimeric [FeFe]-hydrogenase from Thermotoga maritima 
oxidizes NADH and ferredoxin simultaneously to produce H2. Similar bifurcating / confurcating 
[FeFe]-hydrogenases and formate dehydrogenases are present in Syntrophobacter fumaroxidans 
and P. thermopropionicum 39. Both generate NADH and ferredoxin during propionate degradation 
via the methylmalonyl-CoA pathway and might use confurcating hydrogenases and formate 
dehydrogenases to drive the unfavorable re-oxidation of NADH (E0’=-320mV) by the exergonic 
re-oxidation of ferredoxin (E0’=-398mV) to produce hydrogen (E0’= -414mV) or formate (E0’= 
-432mV) that are subsequently transferred to hydrogen and formate scavenging methanogens. 
Additionally, up-regulation of genes encoding hydrogenases and formate dehydrogenases in P. 
thermopropionicum was shown during syntrophic growth 40. The P. thermopropionicum genome 
contains three [FeFe]-hydrogenases, one [NiFe]-hydrogenase and two formate dehydrogenases. 
One [FeFe]-hydrogenase (PTH_0668-0670) was shown to be down-regulated during syntrophic 
growth, while the other two [FeFe]-hydrogenases (PTH_1377-1379 and PTH_2010-2012) were 
up-regulated. The two formate dehydrogenases of P. thermopropionicum (I, PTH_1711-1714 and II, 
PTH_2645-2649) were both up-regulated during syntrophic growth [42]. According to TMHMM 
server v. 2.0 41 formate dehydrogenase I of P. thermopropionicum has transmembrane helices. 
Therefore, it might play an essential role in the interspecies transfer of reducing equivalents in 
syntrophic growth.
The genome of D. kuznetsovii was screened for hydrogenase and formate dehydrogenase encoding 
gene clusters with BLAST analysis. Pfam search 42 was used to identify motifs in the amino acid 
sequences and the TMHMM Server v. 2.0 41 was used to screen for transmembrane helices. The 
TatP 1.0 Server was used to screen for twin-arginine translocation (Tat) motifs in the N-terminus 
to predict protein localization in the cell 43. The incorporation of selenocysteine (SeCys) was 
examined by RNA loop predictions with Mfold version 3.2 44. The predicted RNA loop in the 
50-100 bp region downstream of the UGA-codon was compared with the consensus loop 
described earlier 45.
Compared to P. thermopropionicum, D. kuznetsovii lacks membrane associated formate 
dehydrogenases and hydrogenases and also lacks [NiFe]-hydrogenase. This might be an 
explanation why D. kuznetsovii cannot grow in syntrophic relation with methanogens. The 
genome of D. kuznetsovii indicates the presence of a confurcating selenocysteine-incorporated 
formate dehydrogenase (Desku_2987-2991), two trimeric confurcating [FeFe]-hydrogenases 
(Desku_2307-2309, Desku_2995-2997) and two [FeFe]-hydrogenases (Desku_0995, 
Desku_2934-2935) without NADH-binding sites (Figure 4.8). Several subunits of these enzymes 
are related to subunits of NADH dehydrogenase (complex I), including the NADH-binding 
proteins related to NuoF (Desku_2990, 2308 and 2996) and the electron transfer subunits 
related to NuoE (Desku_2991, 2935, and 2997) and to NuoG (Desku_2989). In three of the 
[FeFe]-hydrogenases this NuoG-like domain is fused with the catalytic subunit (Desku_2995, 
2307 and 2934). Two of the multimeric hydrogenases are found next to [FeFe]-hydrogenases 
containing PAS-sensor domains (Desku_2932 and Desku_2994), suggesting they are involved 
in the regulation of the synthesis of those hydrogenases. All complexes are predicted to be 
cytoplasmic and not membrane bound.
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Apart from a possible involvement in the acetate oxidation pathway (Figure 4.4), it remains 
unclear for which purpose D. kuznetsovii uses its confurcating formate dehydrogenase and 
hydrogenases because our genome analysis indicates that pyruvate oxidation during propionate 
degradation generates formate instead of ferredoxin (Figure 4.6).

Assimilatory

Sulfate

Desulfotomaculum kuznetsovii

APS sulfite H2S

ATP DP 2 e- AMP 6 e-

PAPS
thioredoxin ADP + thioredoxin disulfide

Sulfate

Pelotomaculum thermopropionicum

APS sulfite H2S

ATP DP
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ATP

ADP
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?

Figure 4.7: Sulfate reduction pathway of D. kuznetsovii and P. thermopropionicum. Depicted in green 
are genes that code for sulfate reduction enzymes that are present in the genome. Dashed arrows 
indicate the presence of a subunit encoding gene, but not the presence of all genes required for the 
enzyme. Dashed dotted arrows are used when no genes were found for the reaction. Abbreviations: APS, 
adenylylsulfate; DP, diphosphate; PAPS, 3’-Phosphoadenylyl-sulfate (PAPS); redA, reduced acceptor; oxA, 
oxidized acceptor.
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4.10 Vitamin synthesis
D. kuznetsovii is able to grow in medium without vitamins 1. This indicates that D. kuznetsovii is 
able to synthesize all the vitamins that are required for its metabolism and that vitamin synthesis 
genes should be present in the genome. Vitamin B12 is essential for the methylmalonyl-CoA 
pathway and the acetyl-coA pathway. The biosynthesis of cobalamin (vitamin B12) is known to 
occur from uroporphyrinogen-III to adenosylcobalamin via two possible pathways, the aerobic 
and anaerobic pathway of the corrinoid ring 46, 47. The D. kuznetsovii genome contains all genes 
needed for the anaerobic pathway: cysGA (Desku_1520), cysGB (Desku_1460, Desku_1523), 
cbiA (Desku_1765, Desku_2368), cbiBCDEFGHJLPT (Desku_2369, 1459, 1468, 1467, 1464, 
1463, 1462, 1461, 1465, 2370 and 1466, respectively), cobalt reductase (Desku_2757), btuR 
(Desku_0004, 1209), cobS (Desku_2367) and cobU (Desku_2371). Moreover, D. kuznetsovii has 
genes to convert glutamyl tRNA to uroporphyrinogen-III, hemABCDL (Desku_1522, 1518, 1521, 
1520 and 1522, respectively). The genome also contains some unassigned cobalamin synthesis 
genes (P47K, Desku_0046, 0053; cbiM, Desku_2905), corrinoid transport proteins (Desku_0693, 
702, 2237-2239, 2902-2904, 3025-3027) and, interestingly, two cobN genes (Desku_2189, 2227), 
genes involved in the aerobic pathway. It is unclear why D. kuznetsovii has these cobN genes, since 
all anaerobic pathway genes are present in the genome, and it is unclear if the products of these 
two genes are used for cobalamin synthesis by D. kuznetsovii.
Other vitamin synthesis genes present in the genome of D. kuznetsovii are genes involved in 
biotin synthesis (vitamin H) (Desku_1295-1297, 2246-2247, 2317), nicotinamide (vitamin B3) 
synthesis (Desku_0433, 0614, 0662, 0815, 1248, 1417, 1472, 1499, 1925, 1951, 3103, 3121, 3227, 
3228, 3231, 3246, 3337), thiamin (vitamin B1) synthesis (0372, 0543, 0545, 2253, 2363, 2639), 
riboflavin (vitamin B2) synthesis (Desku_1244-1247), and pantothenate (vitamin B5) synthesis 
(Desku_3262). The genes involved in coenzyme A production from pantothenate are also present 
in the D. kuznetsovii genome (Desku_1254, 1307, 3145, 3200). Moreover, genes involved in the 
biosynthesis of pyridoxine (vitamin B6) via the deoxyxylulose 5-phosphate (DXP) independent 
route were found to be in the genome (Desku_0007, 0008). These genes code for two enzymes 
that facilitate the conversion of glutamine to the active form of vitamin B6, pyridoxal 5’-phosphate 
48.
Menaquinone (vitamin K) and ubiquinone (coenzyme Q10) biosynthesis is important because 
of the electron transport function in the membranes. The genes that code for the biosynthesis 
enzymes from polyprenyldiphosphate to menaquinone and ubiquinone are present in the D. 
kuznetsovii genome (Desku_0124, 0126, 0629, 1551-1554, 1829, 2629 and 3525), except for 
the genes that code for a 2-polyprenyl-6-methoxyphenol 4-monooxygenase (UbiH) and 
2-polyprenyl-3-methyl-6-methoxy-1,4-benzoquinone hydroxylase (UbiF). Additionally, three 
genes (Desku_1548-1550) could be identified as putative menaquinone biosynthesis genes and 
are part of a menaquinone biosynthesis gene cluster (Desku_1548-1554). The products of those 
three genes could be involved in the reactions of the missing UbiH and UbiF encoding genes.
Folate (vitamin B9) biosynthesis is also of great importance for D. kuznetsovii, because it is an 
essential part of the acetyl-CoA pathway. It is involved in the transfer of one-carbon compounds 
and can be biosynthesized from chorismate and guanosine triphosphate (GTP) 49-52. Both pathways 
use a dihydropteroate synthase to produce dihydropteroate. The genome of D. kuznetsovii contains 
the genes encoding the enzymes involved in the pathway from chorismate to dihydropteroate 
(Desku_0219, 2268-2269) and from GTP to dihydropteroate (Desku_0210, 0219-0221 and 
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1419). The gene encoding a phosphatase (Desku_0210) in the D. kuznetsovii genome is probably 
involved in the removal of phosphate groups from dihydropterine triphosphate as a substitute 
for an alkaline phosphatase encoding gene, which is not present in the genome. Additionally, 
the genome contains a bifunctional protein encoding gene (Desku_404) that is expected to be 
responsible for the production of dihydrofolate (DHF) and the addition of multiple glutamate 
moieties to DHF or tetrahydrofolate (THF). However, the D. kuznetsovii genome lacks the DHF 
reductase encoding gene, which is required to reduce DHF to THF. The DHF reductase encoding 
gene appears to be absent in many microorganisms 53. Levin et al. 53 propose that in Halobacterium 
salinarum a dihydrofolate synthase and a dihydropteroate synthase domain, is able to replace the 
function of the DHF reductase. Additionally, the authors show that when using a BLAST search 
homologs of polypeptides can be found in organisms that lack a DHF reductase 53. However, 
BLAST results showed no homologous protein encoding gene in the genome of D. kuznetsovii 
(data not shown). How in D. kuznetsovii DHF is reduced to THF can currently not be deduced 
from the genome sequence.
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5.1 Abstract

Several phylogenetic groups of microorganisms are able to grow with methanol as a sole carbon 
and energy source. Aerobic methylotrophs generally oxidize methanol to formaldehyde by using 
a methanol dehydrogenase, while anaerobic methylotrophs such as methanogens and acetogens 
are known to use a methanol methyltransferase system. However, the methanol metabolism of 
sulfate-reducing bacteria has not been extensively studied. Previous work with the sulfate reducing 
bacterium Desulfotomaculum kuznetsovii resulted in a partially purified alcohol dehydrogenase that 
showed activity with methanol and ethanol. However, the genome also indicated the presence of 
a methanol methyltransferase system. Therefore, we used a comparative proteomics approach 
by using nanoLC-MS/MS to unravel the methanol metabolism of D. kuznetsovii. Cells were grown 
under four different conditions: Methanol and sulfate in presence and absence of cobalt and 
vitamin B12, lactate and sulfate, and ethanol and sulfate. The lactate growth condition was used 
as a reference. Spectral count results indicate the presence of two methanol degrading pathways 
in D. kuznetsovii, a cobalt dependent methanol methyltransferase system and a cobalt independent 
alcohol dehydrogenase.

5.2 Introduction

Several phylogenetic groups of microorganisms are able to grow with methanol as a sole carbon 
and energy source. Aerobic methylotrophs generally oxidize methanol to formaldehyde by using 
a methanol dehydrogenase (MDH). Multiple MDHs, such as MDHs that use pyrroloquinoline 
quinone (PQQ) or NAD(P) as a cofactor, have been characterized over the years 1, 2. Anaerobic 
methylotrophs such as methanogenic archaea and acetogenic bacteria are known to use a 
methanol methyltransferase (MT) system. This system involves two MT enzymes, MT1 and MT2. 
MT1 consists of two subunits, the first (MtaB) is involved in the breaking of the C-O bond of 
methanol and transferring the methyl to the second subunit (MtaC). MT2 (also MtaA) transfers 
the methyl from MtaC to coenzyme M in methanogens 3-6, and tetrahydrofolate in acetogens 7-9. 
In sulfate-reducing bacteria (SRB) the methanol metabolism has not been extensively studied. 
Therefore, it is not clear whether SRB use a MT system or if they use a MDH. Several SRB 
can utilize methanol, such as Desulfosporosinus orientis 10, Desulfobacterium catecholicum 11, 
Desulfobacterium aniline 12, Desulfovibrio carbinolicus 13, Desulfovibrio alcoholivorans 14, and nine 
Desulfotomaculum strains 15-20 including D. kuznetsovii. Growth of D. kuznetsovii with methanol 
and sulfate was studied and resulted in a partially purified alcohol dehydrogenase (ADH) with 
a molecular mass of 42 kDa that also showed activity with methanol 21. However, analysis of 
the genome of D. kuznetsovii revealed not only the presence of multiple alcohol dehydrogenases 
with the predicted size of approximately 42 kDa, but also methanol methyltransferase genes 22. 
Therefore, the methanol metabolism in D. kuznetsovii remained unsolved. 
Here, we describe the presence of two methanol metabolism systems in D. kuznetsovii by growing 
adapted cells with methanol and sulfate in the presence and absence of cobalt and vitamin B12 
using a comparative proteomics approach. This is the first evidence for the occurrence of both 
a methanol oxidizing ADH and a MT system in a bacterium.

5.3 Material and Methods 
5.3.1 Culture medium and experimental design
Desulfotomaculum kuznetsovii 19 was grown in bicarbonate buffered medium described by Stams et 
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al. 23. Moreover, the acid trace element of the medium contained CoCl2 and the vitamin solution 
contained vitamin B12, unless stated differently. The electron donors (20 mM) and sulfate (10 
mM) were added from concentrated stock solutions (sterilized by autoclaving). Cultivation of 
D. kuznetsovii was performed at pH 7 and at 60°C in 117 ml glass serum bottles with butyl 
rubber stoppers and aluminum crimp seals. The bottles contained 50 ml basal medium and a gas 
phase of 1.7 bar N2/CO2 (80%/20%, v/v). In all experiments the inoculum size was 1% (v/v). For 
growth experiments and proteome analysis cultures were transferred at least 5 times to ensure 
full adaptation to the growth substrate. 
To investigate if a methanol methyltransferase system is involved in methanol conversion, D. 
kuznetsovii was grown with methanol and sulfate in normal medium and in medium deprived from 
cobalt (CoCl2) and vitamin B12. Growth was recorded by monitoring the optical density at 600 
nm (U-1500 spectrophotometer Hitachi) and by determination of the methanol concentration 
using a GC (GC-2010 Shimadzu, Sil 5 CB column) daily. 
Additional to the two methanol growth conditions, two other growth conditions were used 
for a comparative proteomics analysis. Those growth conditions were: lactate with sulfate and 
ethanol with sulfate. 

5.3.2 Protein extraction
For the preparation of protein samples, all four conditions of 500 ml cell suspensions, including 
their independent duplicates, were grown until the late exponential phase and harvested by 
centrifugation. The pellets were resuspended separately in SDT-lysis buffer (100mM Tris/HCl pH 
7.6 + 4% SDS + 0.1M dithiothreitol) and sonified (Sonifier B12, Branson Sonic Power Company, 
Danbury, Connecticut) to disrupt the bacterial cell wall. Unbroken cells and debris were removed 
by centrifugation at 13.000 rpm for ten minutes. The protein containing supernatant was used 
for the proteome analysis.

5.3.3 Comparative proteomics 
The proteome analyses of D. kuznetsovii cells grown in the four growth conditions were performed 
using LC-MS/MS 24. As a control of sample quality an equal amount of total protein was separated 
by SDS-PAGE on a 10 well SDS-PAGE 10% Bis-Tris Gel (Mini Protean System, Bio-Rad, U.S.) for 
90 min at a constant voltage of 120 mV using Tris-SDS as running buffer. Label free quantitative 
proteomics type experiments were carried to find differentially expressed proteins under all 
different growth conditions studied. Equal amounts of the protein extracts were loaded onto a 
Novex 4-12% Bis-Tris SDS page gel (Invitrogen) and electrophoreses for 5 min at 200V constant 
voltage using MES-SDS as running buffer. For each lane a single band containing all proteins 
was cut out and treated for reduction and alkylation using 20 mM dithiotreitol and 40 mM 
iodoacetamide in 50 mM ammonium bicarbonate. Digestion was performed by incubating the 
samples overnight at 37 °C with trypsin at a 1:20 enzyme-protein ratio. Peptides were diluted 
with 5% formic acid and 5% DMSO and subjected to nanoLC-MS/MS using an EasyLC 1000 and 
an Orbitrap Q-Exactive Plus instrument (Thermofisher Scientific). Each peptide sample was auto-
sampled and separated in a 25 cm analytical column (75 μm inner diameter) in-house packed 
with 5 μm C18 column material (Reprosil Pur-AQ, Dr. Maisch) with a 60 min gradient from 5% 
to 40% acetonitrile in 0.6% acetic acid. The effluent from the column was directly electrosprayed 
into the mass spectrometer. Full MS1 spectra were acquired in the positive ion mode from m/z 
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300-1200 at a resolution of 70,000 after accumulation of 3e6 ions within a maximal injection 
time of 250 ms. A top 20 method was used to acquire MS2 spectra at a resolution of 17,500 after 
accumulation of 1e5 ions within a maximal injection time of 50 ms. Parent ions were isolated with 
a 2,5 m/z window and fragmented with a HCD energy of 28. Only multiply charged ions were 
selected and the dynamic exclusion time was set to 30 seconds. Raw data were analyzed using 
Proteome Discoverer 1.4 (ThermoFischer Scientific) and Mascot 2.2 (matrixscience) was used 
as search engine. A database containing all protein entries of D. kuznetsovii listed in Uniprot was 
used to search the data. Search settings used were; 5 ppm for parent ions, 0.02 Da for fragment 
ions, trypsin as proteolytic agent, carbamidomethyl cysteine as fixed modification and methionine 
oxidation as variable modification. Scaffold 3.0 (ProteomeSoftware) was used to merge all search 
results. Filtering of the data was done by setting the minimum protein threshold to 99%, the 
minimum peptide count to 2 and the minimum peptide threshold to 95%.
The genome of D. kuznetsovii is publicly available (ref: NC_015573.1) and encodes 3,625 genes, 
from which 3567 genes are predicted to be protein-coding 22. The raw proteome analysis resulted 
in the identification of 892 different proteins (with at least 2 unique peptides identified). Proteins 
3 times more peptide counts in one condition compared to another are considerd proteins with 
increased abundance and are listed in the supplementary data (Supplementary file S1). Proteins 
that possibly play an important role under different growth conditions are discussed in more 
detail in the text.
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Figure 5.1: Methanol dependent growth in D. kuznetsovii with (depicted with ○) and without cobalt 
and vitamin B12 in the medium (depicted with Δ). Methanol concentrations and optical density values 
are presented in light and dark grey, respectively. Error bars indicate standard deviation values of the 
biological replicates (n = 3). 
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5.4 Results

5.4.1 Effect of cobalt and vitamin B12 on growth with methanol 
The presence of genes coding for a methanol MT system in the genome of Desulfotomaculum 
kuznetsovii suggested the involvement of a vitamin B12-dependent MT system in methanol 
conversion, while previous analyses pointed to the involvement of an alcohol dehydrogenase 21. 
To assess the involvement of either enzyme system in the methanol metabolism we assessed the 
effect of cobalt on growth with methanol.  
D. kuznetsovii  was grown with methanol and sulfate in the presence or absence of cobalt and 
vitamin B12. Cultures were transferred 5 times to new medium bottles before analysis, to ensure 
full adaptation to the growth substrate (Figure 5.1). When cobalt and vitamin B12 were omitted 
from the medium D. kuznetsovii was still able to degrade methanol but the rate of conversion 
decreased. This suggests the involvement of a methanol MT system in the methanol metabolism 
of D. kuznetsovii. Moreover, it indicates the presence of a second, cobalamin independent, methanol 
utilization system. 

5.4.2 Comparative proteomics analysis
To perform the comparative proteomics analysis D. kuznetsovii cells were adapted to four 
different growth conditions: methanol and sulfate in presence and absence of cobalt and vitamin 
B12, lactate and sulfate, and ethanol and sulfate. The lactate growth condition was used as a 
reference, while the ethanol growth condition was used because Goorissen et al. 21 indicated 
the involvement of an alcohol dehydrogenase for growth with methanol and ethanol. Proteins 
3 times more abundant in one condition compared to another are considered proteins with 
increased abundance.

5.4.3 Methanol metabolism
Growth of D. kuznetsovii with methanol in the presence of cobalt and vitamin B12 showed an 
increased abundance, compared to the other growth conditions, of proteins encoded by genes 
of one operon structure (Desku_0050-60), which were annotated as proteins involved in vitamin 
B12 biosynthesis and a methanol MT system (Table 5.1). Two MtaA MTs, a MtaB and MtaC are 
highly abundant. The increased abundance of the corrinoid binding MtaC indicates the necessity 
of vitamin B12 in the cell. However, no vitamin B12 transport encoding genes can be found in the 
genome of D. kuznetsovii. All genes essential for vitamin B12 synthesis, however, are present in the 
genome and the strain does not require vitamins for growth 22. Hence the increased abundance 
of vitamin B12 biosynthesis proteins coincides with the expression of the MT system during 
growth with methanol.     
When cobalt and vitamin B12 was omitted from the medium D. kuznetsovii was still able to grow 
with methanol. At this growth condition the abundance of the MT system and the vitamin B12 
synthesis pathway were very low. The proteome results showed higher abundance of an alcohol 
dehydrogenase (Desku_2952) and an aldehyde ferredoxin oxidoreductase (Desku_2951) during 
growth with methanol with and without cobalt and vitamin B12 limitation and with ethanol 
(Table 5.1), which indicates the involvement of those proteins in both ethanol and methanol 
metabolism of D. kuznetsovii. 
Two other alcohol dehydrogenases (Desku_0619, 3082) and four other aldehyde dehydrogenases 
(Desku_0621, 2946, 2983, 3081) are present in the proteome data (Supplementary file S1), 
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but these have no enhanced abundance in any of the growth conditions, including growth with 
methanol and ethanol.          

Table 5.1: Proteomic data of proteins involved in the D. kuznetsovii methanol metabolism. The table shows 
the predicted function of the proteins, the reference to the genome (in locus tags), and their related 
peptide abundance in the four different growth conditions and their independent duplicates: lactate and 
sulfate (L), methanol and sulfate (M), methanol and sulfate in the absence of cobalt and vitamin B12 
(M-cobalt-B12), and ethanol and sulfate (E). 

Function locus tag L 1 L 2 M 1 M 2 M-cobalt
-B12 1

M-cobalt
-B12 2

E 1 E 2

MtaA Desku_0050 1 0 107 125 11 6 15 15

MtaB Desku_0051 0 1 68 77 11 1 12 14

MtaC Desku_0052 0 0 52 60 1 1 1 2

Cobalamin synthesis protein Desku_0053 0 0 5 7  0 0 0 0

4Fe-4S ferredoxin iron-sulfur 
binding protein

Desku_0054 0 0 9 7 0  0 0 0

Methionine synthase B12-binding 
module cap protein

Desku_0056 0 0 54 49 1 1 4 6

Ferredoxin Desku_0057 0 0 108 98 7 4 11 14

Tetrahydromethanopterin S-MT Desku_0058 0 0 26 35 2 2 5 5

Pyridoxamine 5’-phosphate oxidase-
related FMN-binding protein

Desku_0059 0 0 89 101 2 1 2 2

MtaA Desku_0060 0  0 62 84 3 0  7 6

Aldehyde ferredoxin 
oxidoreductase

Desku_2951 16 20 121 125 156 166 153 126

Alcohol dehydrogenase Desku_2952 0 0 372 409 569 581 271 174

5.4.4 Sulfate reduction 
Sulfate was added at all growth conditions and the sulfate reduction genes as described in 
Chapter 4 22 were expressed at approximately equal levels. 

5.4.5 Acetyl-CoA pathway and lactate metabolism
Although not at all growth conditions the acetyl-CoA pathway is involved, the proteins of the 
acetyl-CoA pathway were present in approximately equal abundance at all growth conditions, 
with the exception of two acetate-CoA ligase/acetyl-CoA synthetase proteins (ACL, Table 5.3). 
One ACL (Desku_2303) had an increased abundance during growth with lactate, while the other 
ACL (Desku_2843) had an increased abundance during growth with methanol in the absence 
of cobalt and vitamin B12. This suggests that the synthesis of these ACL enzymes is regulated. 
Interestingly, all four D. kuznetsovii ACL amino acid sequences are different from each other. When 
using the ten best BLAST hits from all four ACL enzymes in a neighbor joining tree the four D. 
kuznetsovii ACLs end up in four different clusters (Supplementary file S2).
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Table 5.2: Proteomic data of proteins involved in sulfate reduction in D. kuznetsovii. The table shows 
the predicted function of the proteins, the reference to the genome (in locus tags), and their related 
peptide abundance in the four different growth conditions and their independent duplicates: lactate and 
sulfate (L), methanol and sulfate (M), methanol and sulfate in the absence of cobalt and vitamin B12 
(M-cobalt-B12), and ethanol and sulfate (E).

Protein Description locus tag L 1 L 2 M 1 M 2 M-cobalt
-B12 1

M-cobalt
-B12 2

E 1 E 2

Sulfate adenylyltransferase Desku_1071 123 195 196 185 186 200 176 175

Putative uncharacterized protein Desku_1072 13 37 44 46 48 49 20 21

Adenylylsulfate reductase, beta 
subunit

Desku_1073 30 47 36 39 48 43 49 61

Adenylylsulfate reductase, alpha 
subunit

Desku_1074 197 322 267 290 313 334 329 312

Sulfur relay protein, TusE/DsrC/DsvC 
family

Desku_3485 33 33 14 14 18 22 21 25

Putative uncharacterized protein Desku_3486 10 19 18 17 23 22 16 17

Sulfate reductase gamma subunit Desku_3487 2 2 4 3 4 3 3 2

Dissimilatory sulfite reductase D Desku_3491 2 6 2 2 6 5 5 7

Sulfite reductase, dissimilatory-type 
beta subunit

Desku_3492 58 100 58 58 100 102 94 90

Sulfite reductase, dissimilatory-type 
alpha subunit

Desku_3493 94 140 110 117 136 132 112 132

Table 5.3: Proteomic data of proteins involved in the acetyl-CoA pathway in D. kuznetsovii and proteins 
that had an increased abundance in growth with lactate. The table shows the predicted function of the 
proteins, the reference to the genome (in locus tags), and their related peptide abundance in the four 
different growth conditions and their independent duplicates: lactate and sulfate (L), methanol and sulfate 
(M), methanol and sulfate in the absence of cobalt and vitamin B12 (M-cobalt-B12), and ethanol and 
sulfate (E). Proteins 3 times more abundant in a growth condition are marked bolt. 

Protein Description locus tag L 1 L 2 M 1 M 2 M-cobalt
-B12 1

M-cobalt
-B12 2

E 1 E 2

Formate-tetrahydrofolate ligase Desku_0216 46 100 93 98 125 123 77 64

Acetate-CoA ligase Desku_1241  0  0 8 5 11 12 7 6

Methylenetetrahydrofolate reductase Desku_1475 13 30 31 27 38 47 36 34

Putative uncharacterized protein Desku_1476 7 16 17 17 32 33 27 15

Methyl-viologen-reducing hydrogenase 
delta subunit

Desku_1477 4 4 4 6 13 11 11 8

Fumarate reductase/succinate 
dehydrogenase flavoprotein domain 
protein

Desku_1478 19 29 32 33 70 79 41 41
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Dihydroorotate dehydrogenase, 
electron transfer subunit, iron-sulfur 
cluster binding domain protein

Desku_1480 16 24 26 22 31 41 16 18

4Fe-4S ferredoxin iron-sulfur binding 
domain-containing protein

Desku_1481 16 19 21 19 28 31 24 23

Coenzyme F420 hydrogenase/
dehydrogenase beta subunit domain 
protein

Desku_1482 14 13 19 19 26 37 11 15

Methyl-viologen-reducing hydrogenase 
delta subunit

Desku_1483 3 5 4 5 9 7 8 5

CoB-CoM heterodisulfide reductase Desku_1484 14 12 9 15 16 15 12 12

Heterodisulfide reductase subunit 
C-like protein

Desku_1485 12 17 13 15 16 15 16 19

4Fe-4S ferredoxin iron-sulfur binding 
domain-containing protein

Desku_1486 25 34 26 29 45 38 36 32

acsE 5-methyltetrahydrofolate 
corrinoid/iron sulfur protein 
methyltransferase

Desku_1487 14 25 17 20 22 21 18 21

CO dehydrogenase/acetyl-CoA 
synthase delta subunit, TIM barrel

Desku_1488 14 24 37 24 12 13 21 30

CO dehydrogenase/acetyl-CoA 
synthase delta subunit, TIM barrel

Desku_1490 31 45 56 47 22 17 33 43

CO dehydrogenase/acetyl-CoA 
synthase complex, beta subunit

Desku_1491 53 72 98 101 131 120 83 79

Carbon-monoxide dehydrogenase, 
catalytic subunit

Desku_1492 13 17 7 7 12 16 7 5

Methenyl tetrahydrofolate 
cyclohydrolase

Desku_1933 9 19 19 24 21 22 13 14

5,10-methylene-tetrahydrofolate 
dehydrogenase

Desku_1934 14 20 18 19 24 25 15 17

Acetate-CoA ligase Desku_2054 1 1 6 5 7 7 7 1

CO dehydrogenase/acetyl-CoA 
synthase complex, beta subunit

Desku_2149 60 74 135 127 158 155 92 81

Cluster of CO dehydrogenase/acetyl-
CoA synthase complex, beta subunit

Desku_2150 71 89 149 145 174 172 110 96

Carbon-monoxide dehydrogenase, 
catalytic subunit

Desku_2150 48 82 141 146 175 200 110 101

Acetyl coenzyme A synthetase (ADP 
forming)

Desku_2303 30 45 5 3 3 5 10 12

Lactate utilization protein B/C Desku_2393 38 41 1 0 0  0 0 0 

Lactate utilization protein B/C Desku_2394 12 18  0 0 0 0  0 0

L-lactate transport Desku_2395 3 7  0 0 0 0 0 0

Acetyl-coenzyme A synthetase Desku_2843  0 0  5 7 26 28 7 7
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In addition to the ACL (Desku_2303), the presence of lactate induced several proteins, including a 
lactate dehydrogenase (Desku_3009), a lactate transporter (Desku_2395), and two hypothetical 
proteins annotated as lactate utilization proteins (Desku_2393-4, Table5.3). The protein encoded 
by Desku_2393 contains two 4Fe4S clusters and two cysteine rich domains but nothing can be 
concluded about the function of this protein from this analysis.  

5.4.6 Hydrogenases
Genes coding for four hydrogenases were described to be present in the genome of D. kuznetsovii 
(Chapter 4 22). The two possible confurcating hydrogenases (Desku_2307-9; 2995-7) were 
synthesized during growth of D. kuznetsovii with different substrates (Table 5.4), while the other 
two predicted hydrogenases cannot be found in the proteome data. One of the produced 
hydrogenases (Desku_2307-9) showed increased abundance during growth with methanol in 
the absence of cobalt and vitamin B12, while the other hydrogenase (Desku_2995-7) showed 
increased abundance when D. kuznetsovii was grown with lactate and ethanol.
Other highly produced proteins and proteins that had an increased abundance during one or 
multiple growth conditions can be found in supplementary file S1. 
 
Table 5.4: Proteomic data of predicted hydrogenases in D. kuznetsovii. The table shows the predicted 
function of the proteins, the reference to the genome (in locus tags), and their related peptide abundance 
in the four different growth conditions and their independent duplicates: lactate and sulfate (L), methanol 
and sulfate (M), methanol and sulfate in the absence of cobalt and vitamin B12 (M -B12), and ethanol 
and sulfate (E).

Protein Description locus tag L 1 L 2 M 1 M 2 M -B12 1 M -B12 2 E 1 E 2

Hydrogenase, Fe-only, α subunit Desku_2307 0 3 40 39 105 121 32 4

Hydrogenase β subunit Desku_2308 5 5 33 23 76 75 16 7

Hydrogenase γ subunit Desku_2309 3 2 15 13 23 19 8 1

Hydrogenase, Fe-only, α subunit Desku_2995 47 70 14 13 12 23 127 151

Hydrogenase β subunit Desku_2996 60 86 5 8 10 16 96 101

Hydrogenase γ subunit Desku_2997 9 9 1 1 1 2 13 17

  
5.5 Discussion

5.5.1 Methanol and ethanol metabolism
The results indicate that the synthesis of MtaA, MtaB and MtaC is induced together with vitamin 
B12 biosynthesis proteins when D. kuznetsovii is grown with methanol and sulfate in the presence 
of cobalt. The presence of cobalt plays an essential role in this regulation. Studies on cobalt 
limitation showed a decreased conversion rate when methanogens and acetogens were grown 
with methanol 26-28. This was explained by the essential role of cobalt in corrinoid biosynthesis 29 
and the production of corrinoid dependent proteins by the methanol utilizers 6, 26-28, 30. The MtaC 
subunit of the methanol MT system was described to bind the corrinoid 7, 31, 32. By depriving the 
environment of cobalt the methanol MT system is not functional. Therefore, we used medium 
without cobalt and vitamin B12 to study the MT independent methanol metabolism of D. 
kuznetsovii.
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Goorissen 21 partially purified an ADH with a molecular mass of 42 kDa that showed activity 
with ethanol and methanol. In that study, the ADH was present during growth with ethanol and 
sulfate, but was more abundant during growth with methanol and sulfate. However, the ADH 
activity with ethanol was higher compared to methanol. Activity was measured with nicotinamide 
adenine dinucleotide (NAD), 2,6 dichlorophenolindophenol (DCPIP) and 3-(4,5-dimethylthiazol-
2-yl)-2,4 diphenyltetrazolium bromide (MTT) as an electron acceptor, but not with NADP. The 
highest activity was measured with ethanol and NAD. Moreover, activity of the reverse reaction 
was measured when using both acetylaldehyde and formaldehyde 21.    
Our results show that an ADH (Desku_2952) is induced when D. kuznetsovii is grown with 
ethanol and methanol. Moreover, when grown with methanol in the absence of cobalt and vitamin 
B12 approximately twice as much ADH was produced by D. kuznetsovii compared to ethanol-
grown cells. The predicted size of the ADH is 41 kDA, which also resembles the mass of the 
enzyme partially purified by Goorissen 21. Additional to the ADH (Desku_2952) the proteome 
results show that an aldehyde ferredoxin oxidoreductase (Desku_2951) is co-induced. The two 
genes are next to each other in the genome. The genome possesses one formate dehydrogenase 
(Desku_2987-90) of which the products have an equal abundance in all growth conditions. These 
results suggest that two methanol utilizing pathways are present in D. kuznetsovii (Figure 5.2). 
Other ADHs are present in the D. kuznetsovii genome but these do not seem to be involved in 
the ethanol and/or methanol degradation. However, these might be involved in the degradation 
of other alcohols, such as propanol and butanol.

Figure 5.2: Hypothesized methanol metabolism pathways in D. kuznetsovii. Methanol is oxidized to 
CO2 by an alcohol dehydrogenase (ADH), Aldehyde ferredoxin oxidoreductase (AFO) and a formate 
dehydrogenase (FDH). Electrons that are generated through the oxidation reactions can be used for the 
reduction of sulfate. When cobalt is present in the environment the second methanol oxidizing pathway 
is induced (indicated in blue) and part of the methanol is methylated to methyl-tetrahydrofolate (CH3-
THF). Subsequently, methyl-tetrahydrofolate is oxidized to CO2 generating the same amount of electrons. 
Locus tag numbers are indicated for the boxed enzymes.
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More SRB have been described to grow with methanol and sulfate, but the metabolic pathways 
are unknown. In recent years two genome sequences of methanol utilizing SRB were published, 
Desulfotomaculum reducens 33 and Desulfosporosinus orientis 34. This enables the identification of 
genes possibly involved in their methanol metabolism. The genome of D. reducens, does not 
contain methanol MT genes, indicating the involvement of an ADH in methanol conversion. 
Multiple ADH genes can be found in the genome of D. reducens, including one with high similarity 
to the gene coding for the methanol utilizing ADH of D. kuznetsovii. However, this ADH is not 
situated next to an aldehyde ferredoxin oxidoreductase. In Desulfosporosinus orientis methanol 
MT genes and an ADH gene that is similar to the one in D. kuznetsovii are both present in the 
genome. However, this ADH is also not situated next to an aldehyde ferredoxin oxidoreductase. 
Further research is required to assess if the use of a similar ADH and two methanol utilizing 
systems, as we describe here in D. kuznetsovii, are also present in other SRB.    

5.5.2 Possible hydrogen production from methanol and ethanol metabolism 
The proteome results indicate a difference in the hydrogenases when D. kuznetsovii was grown 
with ethanol (Desku_2995-7) compared to methanol with cobalt and vitamin B12 limitation 
(Desku_2307-9). These possible confurcating hydrogenases could be used by D. kuznetsovii to 
produce hydrogen by coupling the endergonic oxidation of NADH with the exergonic oxidation 
of reduced ferredoxin. Since the results from Goorissen 21 suggest that the ADH reduces NAD+, 
the NADH and reduced ferredoxin from respectively the ADH and the aldehyde ferredoxin 
oxidoreductase could be used by these hydrogenases. The hydrogen produced could subsequently 
be used to reduce sulfate as part of a hydrogen-cycling model, which was suggested by Odom and 
Peck 35. However, why the ethanol and methanol with cobalt and vitamin B12 limitation growth 
conditions use a different hydrogenase cannot be said from this analysis.
Hydrogen production by D. kuznetsovii during ethanol and methanol growth suggests the 
possibility of syntrophic growth with a hydrogen utilizing methanogen in the absence of sulfate. 
However, our attempt to grow D. kuznetsovii with methanol in the absence of sulfate and in the 
presence of a hydrogen utilizing methanogen was unsuccessful (data not shown). 

5.5.3 Lactate metabolism 
The lactate growth condition was included as a reference. Moreover, the results show lactate 
specific induced proteins, like a lactate transport protein and lactate dehydrogenase. Additionally, 
two hypothetical proteins were induced that are located next to the lactate transport protein. 
Therefore, they might be involved in lactate transport into the cell. Interestingly, lactate 
degradation by D. kuznetsovii is not completely to CO2, but incompletely to acetate. This is 
rather contradictory for a complete oxidizer as D. kuznetsovii and for the protein levels involved 
in the acetyl-CoA pathway, which were present in approximately equal abundance at all growth 
conditions, including the lactate with sulfate condition. However, why D. kuznetsovii oxidizes 
lactate incompletely to acetate, while all enzymes for complete oxidation are present, remains 
unclear.
The increased abundance of the Desku_2303 ACL during growth with lactate and sulfate suggests 
that this protein is involved in the production of acetate. Moreover, this ACL causes a strong 
separation in the neighbor joining tree and has poor similarity with the other three ACLs of D. 
kuznetsovii. The results indicate that the four ACL enzymes in D. kuznetsovii are regulated. 
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6.1 Abstract

In sulfate-reducing and methanogenic environments complex biopolymers are hydrolyzed and 
degraded by fermentative micro-organisms that produce hydrogen, carbon dioxide and short 
chain fatty acids. Degradation of short chain fatty acids can be coupled to methanogenesis 
or to sulfate reduction. Here, a genome perspective why some of these micro-organisms are 
able to grow in syntrophy with methanogens and others are not is presented. Bacterial strains 
were selected based on genome availability and on their ability to grow with butyrate and 
propionate alone or in syntrophic association with methanogens. Systematic functional domain 
profiling allowed shedding light on this fundamental and ecologically important question. Extra-
cytoplasmic formate dehydrogenases (InterPro domain number; IPR006443), including their 
maturation protein FdhE (IPR024064 and IPR006452) is a typical difference between syntrophic 
and non-syntrophic butyrate and propionate degraders. This also implies that formate is an 
important electron carrier in syntrophic butyrate and propionate degradation. Furthermore, two 
domains with a currently unknown function seem to be associated with the ability of syntrophic 
growth. One is putatively involved in capsule or biofilm production (IPR019079) and a second 
in cell division, shape-determination or sporulation (IPR018365). The sulfate-reducing bacteria 
Desulfobacterium autotrophicum HRM2, Desulfomonile tiedjei and Desulfosporosinus meridei were 
never tested for syntrophic growth, but all crucial domains were found in their genomes, which 
suggests their possible ability to grow in syntrophic association with methanogens. In addition, 
profiling domains involved in electron transfer mechanisms revealed the important role of the 
Rnf-complex and the formate transporter in syntrophy, and indicates that DUF224 may also have 
a role in electron transfer in bacteria other than Syntrophomonas wolfei.

6.2 Introduction 
Environments with a low redox potential are abundantly present on earth, especially in the 
deeper zones of marine and freshwater sediments. The low redox potential is created by the 
depletion of oxygen and the formation of hydrogen sulfide in the anaerobic degradation of 
organic matter. In the decomposition of sulfur-containing organic compounds such as the amino 
acids (cysteine and methionine) and cofactors (biotin and thiamin) hydrogen sulfide is released. 
Additionally, hydrogen sulfide is formed by anaerobic microorganisms that respire with sulfate 
or other sulfur compounds, such as thiosulfate and elemental sulfur. This respiratory type of 
sulfidogenesis is quantitatively most important 1-3.
Respiratory sulfate reduction is an important process in nature, especially in marine sediments 
where the sulfate concentration is high (about 20 mM) 4. In freshwater environments that are 
generally low in sulfate, sulfate reduction does not play an important role unless hydrogen sulfide 
is rapidly oxidized by sulfide-oxidizing microbes 5,6. In sulfate-depleted anoxic environments 
methanogenesis is the most abundant process 7,8. Interestingly, in marine environments 
methanogenesis occurs simultaneously with sulfate reduction as well, especially in zones where 
the available sulfate is not sufficient to degrade organic matter 9. In both marine and freshwater 
environments microbes involved in sulfate-reduction and methanogenesis interact strongly with 
each other, and this interaction is strongly depending on the availability of sulfate. Generally, 
sulfate reduction is favoured over methanogenesis when sufficient sulfate is present 4,8.  
In sulfate-reducing and methanogenic environments organic material is degraded in a cascade 
process. Complex biopolymers are first hydrolysed and degraded by fermentative microorganisms 
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that produce hydrogen, carbon dioxide and organic compounds, typically organic acids 
(butyrate, propionate, acetate and formate) as products. In sulfate-reducing environments these 
compounds are the common substrates for sulfate-reducing microorganisms. Phylogenetically 
and physiologically sulfate reducing microorganisms are very diverse 4. Phylogenetically they 
occur in the bacterial and archaeal domain of life. Some sulfate reducers have the ability to grow 
autotrophically with H2 and sulfate as energy substrates. Often these autotrophs are the sulfate 
reducers that are also able to degrade acetate completely to CO2, employing the reversible 
Wood-Ljungdahl pathway for acetate degradation and acetate formation 10.
In methanogenic environments, methanogens use H2/CO2, formate and acetate as the main 
substrates 11. Methanogenic archaea belong to different phylotypes. The ability to use acetate 
is restricted to archaea belonging to the order Methanosarcinales, with Methanosarcina and 
Methanosaeta as important genera. The ability to grow with H2/CO2 and formate occurs in most of 
the currently described orders of methanogens 11. Higher organic compounds such as propionate 
and butyrate, that are typical intermediates in methanogenic environments, are not degraded 
by methanogens. Therefore, acetogenic bacteria are required to degrade such compounds to 
the methanogenic substrates acetate, formate and H2/CO2 

8,12. For thermodynamic reasons 
such bacteria can only degrade propionate and butyrate when the products are efficiently taken 
away by methanogens. This is also known as interspecies electron transfer of which interspecies 
hydrogen transfer is the most studied and commonly accepted form of electron carrier. However, 
the importance of formate as an electron carrier has become more apparent the last decades. The 
methanogenic substrates acetate and formate can also be degraded by syntrophic communities 
13,14. Syntrophic acetate degradation especially occurs under conditions at which the activity of 
acetoclastic methanogens is low such as a high temperature and high levels of ammonium 13. 
However, for syntrophic formate degradation it is of yet unclear to what extend and in what types 
of anaerobic microbial environments it can compete with formate degradation by methanogens. 
Though the basic concepts of sulfate reduction and methanogenesis are clear, it is not very 
clear how sulfate-reducing and methanogenic communities in freshwater and marine sediments 
are responding to changes in the sulfate availability. The metabolic flexibility of sulfate-reducing 
bacteria has been addressed recently 15-17. Several sulfate reducers are able to grow acetogenically 
in syntrophic association with methanogens, which is for instance the case for Syntrophobacter 
fumaroxidans growing with propionate. Nevertheless, not all sulfate reducers possess the ability 
to switch from a sulfate-dependent lifestyle to a syntrophic lifestyle. For instance, Desulfobulbus 
propionicus is a bacterium that grows with propionate and sulfate, but it is not able to grow 
with propionate in syntrophy with methanogens. Similarly, the thermophilic sulfate reducer 
Desulfotomaculum kuznetsovii is able to degrade propionate with sulfate, but it is not able to 
grow in syntrophy with methanogens, while the phylogenetically closely related non-sulfate-
reducing bacterium Pelotomaculum thermopropionicum grows with propionate in syntrophy 
with methanogens 18. This chapter converses the importance of formate as an electron carrier 
in syntrophic butyrate and propionate degradation and tries to answer a fundamental and 
ecologically important question: “what are the key properties that make that a butyrate- or 
propionate-degrading bacterium is able to grow in syntrophy with methanogens or not”. The 
availability of genome sequences of bacteria that can and bacteria that cannot grow with butyrate 
and propionate in syntrophic association may allow identifying key genes in syntrophy. If formate 
is an important electron carrier this should also become apparent from the genome comparison.
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6.2 Microbial functions required for syntrophic growth

6.2.1 Functional profiling strategies
Bacterial strains were selected based on genome availability, and ability to grow with butyrate 
and/ or propionate syntrophically or not. Sulfate reducers that grow with butyrate and/or 
propionate, whose genomes are available and currently have not been tested for syntrophic 
growth were included in the analysis (Table 6.1). Correct codon usage of sequences coding 
for selenocystein-containing formate dehydrogenases and hydrogenases was verified. Functional 
domain profiles were obtained with InterProScan 5 (version 5RC7, 27th January 2014). To get 
more insight into microbial functions required for syntrophic growth, domain based functional 
profiles of five butyrate- or propionate-degrading syntrophs were compared with the non-
syntrophs Desulfobulbus propionicus and Desulfotomaculum kuznetsovii. Domains only present 
in syntrophs are listed in Table 6.1. Genomes of sulfate reducers that degrade butyrate or 
propionate, but were never tested for syntrophy, were screened for these domains (Table 6.1). 
Functional domains assigned to proteins involved in electron transport were separately 
analyzed.  Domains that were unique for each protein were selected. Genomes of butyrate- or 
propionate-degrading syntrophs, non-syntrophs and sulfate reducers that never have been tested 
for syntrophy were screened for these domains (Table 6.2). Electron transport mechanisms in 
butyrate- and propionate-degrading syntrophs and non-syntrophs were predicted from their 
genomes by using the tools described below (Figure 6.3A-G). 

6.2.2 Electron transfer complexes predicted from genome analysis
Gene analysis started with automatic annotations of genomes from DOE-Joined Genome Institute 
19. NCBI-pBLAST analysis with sequences from biochemically confirmed active subunits, was used 
to indicate the presence of gene clusters coding for formate dehydrogenases, hydrogenases, 
electron transfer flavoprotein (Etf) and Rnf complexes in the genomes of Syntrophomonas wolfei, 
Syntrophus aciditrophicus, Syntrophothermus lipocalidus, Syntrophobacter fumaroxidans, Pelotomaculum 
thermopropionicum, Desulfotomaculum kuznetsovii, and Desulfobulbus propionicus. N-terminal amino 
acid sequences that corresponded to those of formate dehydrogenase 1 and -2 of S. fumaroxidans 
were used to find the gene clusters that code for these enzymes. To identify cofactor binding 
motifs, transmembrane helices, and twin-arginine translocation motifs in the N-terminus we 
used the Pfam protein families database version 27.0 (March 2013) 20, TMHMM Server v. 2.0 21 
and the TatP 1.0 Server 22 respectively. RNA loop predictions with Mfold version 3.2. was used 
to predict incorporation of selenocysteine 23,24. We compared the predicted RNA loop in the 
50-100 bp region downstream of the UGA-codon with the consensus loop previously described 
25. Sequences with similarity to iron-only or [FeFe]-hydrogenases, were manually analyzed for the 
presence of conserved H-cluster residues 26. Bifurcation of electrons can occur via FAD, without 
the presence of iron-sulfur clusters 27. When a FAD binding domain was predicted by Pfam we 
propose that electrons from reduced ferredoxin and NADH can confurcate. In some cases, 
also an NADH binding site and/or iron sulphur cluster binding motifs were found with Pfam. 
Cofactor binding to NADH: ubiquinone oxidoreductase subunits in bacteria as listed by Yano 
and co-workers 28 was predicted based on domain similarity as determined by Pfam. We predict 
that enzyme complexes with an NADH binding domain, iron-sulfur clusters and a domain binding 
Mo/W, Se or hydrogen and not necessarily flavin, might have electron confurcating functions. Iron-
only hydrogenases ([Fe]-hydrogenases) do not contain Fe-S clusters nor Ni and Fe clusters, and 
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were initially referred to as “metal-free” hydrogenases. They are present mainly in methanogens, 
they belong to a phylogenetically distinct class and their function in bacteria is not clear 29.

6.2.3 Domain based genome comparison of syntrophic and non-syntrophic butyrate and/or propionate 
degraders
Six domains are present in the genomes of all analyzed butyrate- or propionate-degrading 
syntrophs and not in non-syntrophs (Table 6.1). Domain “IPR006443” is exclusively present in 
the extra-cytoplasmic formate dehydrogenase (FDH) alpha subunit. Domains “IPR024064 and 
IPR006452” both belong to FdhE. The gene fdhE in Escherichia coli is required for maturation of 
the membrane bound FDH-complex 30. The fact that extra-cytoplasmic formate dehydrogenases 
are only present in syntrophs and not in non-syntrophs strongly indicates that extra-cytoplasmic 
formate production is essential for syntrophic propionate and butyrate oxidation, and thus that 
formate plays a major role in interspecies electron transfer. The redox potential of the couple 
proton / hydrogen (E0’= -414 mV) is slightly higher than the redox potential of the couple 
CO2 / formate (-432 mV). The preference in syntrophic butyrate and propionate degrading 
communities has not been clear thus far, but a syntrophic relationship in which both hydrogen 
and formate can be transferred would be more flexible than when only hydrogen is transferred 31. 
Moreover, multiple studies indicate that interspecies formate transfer is of significant importance 
in syntrophic degradation of butyrate and propionate. For example, Syntrophobacter fumaroxidans 
and Syntrophospora bryantii oxidize propionate and butyrate, respectively, in syntrophy with 
hydrogen and formate-using methanogens such as Methanospirillum hungatei and Methanobacterium 
formicicum, but not with the hydrogen only-using Methanobrevibacter arboriphilus 32. In analogy with 
this, S. wolfei oxidizes butyrate faster with the formate and hydrogen-using M. hungatei than with 
the hydrogen-only using M. arboriphilus 33. The importance of formate transfer in S. wolfei co-
cultures is additionally supported by the observed involvement of an extra-cytoplasmic formate 
dehydrogenase in the final reduction of CO2 with electrons generated by the butyryl-CoA to 
crotonyl-CoA conversion 34. Moreover, this extra-cytoplasmic formate dehydrogenase was more 
expressed during syntrophic growth compared to axenic growth 34.

Domain “IPR019079”, named CapA, was found in genomes of all the syntrophs and was not 
present in the genomes of the two non-syntrophs (Table 6.1). CapA is part of a membrane 
bound complex that synthesizes poly-g-glutamate to form a capsule or biofilm in Bacillus subtilis, B. 
anthracis, Staphylococcus epidermidis and Fusobacterium nucleatum 49-51. The presence of this domain 
in butyrate- and propionate-degrading bacteria may contribute to the formation of exo-polymeric 
substances that may facilitate syntrophic growth. Domain “IPR018365” is present in FtsW, RodA, 
SpoVE, that are membrane integrated proteins involved in cell division, shape-determination and 
sporulation in Escherichia coli and Bacillus subtilis 52-54. What the exact function of this domain 
is in syntrophic butyrate and propionate degraders is unclear. The domain “IPR020539” that 
seems exclusively present in syntrophs in our analysis belongs to the protein Ribonuclease P 
which removes extra residues at the 5’- side from precursor tRNA, resulting in mature tRNA. 
However, what its function could be in syntrophic growth is unclear, but just coincidence cannot 
be excluded. As can be seen from Table 1, only one copy of this domain is present in the 
genome of a syntrophic bacterium, whereas for the domains involved in periplasmic formate 
dehydrogenases, CapA-domains and Cell cycle FtsW / RodA / SpoVE- domains, more copies are 
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present. Furthermore domain co-occurrence suggests that D. autotrophicum HRM2, D. tiedjei and 
D. meridiei are able to adopt a syntrophic lifestyle. 

6.2.4 Domain based functional profiling of electron transfer mechanisms
For syntrophic butyrate and propionate degradation, electron transfer mechanisms are required 
to transfer electrons to the terminal acceptor, which can be sulfate in a sulfidogenic lifestyle or 
protons and/or CO2 in a syntrophic lifestyle. As the previous paragraph focussed on functional 
domains that are present in all syntrophic and not in non-syntrophic propionate and butyrate 
degraders, here we profile the functional domains involved in electron transfer mechanisms (Table 
6.2). As can be seen from Table 6.2, cytoplasmic and extra-cytoplasmic formate dehydrogenases 
contain InterPro domains that are unique for each protein. “IPR006443” is only present in 
extra-cytoplasmic FDH’s, not in cytoplasmic FDH’s whereas “IPR027467”, “IPR006655” and 
“IPR006478” of cytoplasmic FDH, are not present in extra-cytoplasmic FDH’s. Domains of 
cytoplasmic FDH’s are present in genomes of syntrophs and non-syntrophs, whereas the domain 
of extra-cytoplasmic FDH’s is present only in syntrophs. Formate transporter linked domains 
are absent in genomes of non-syntrophs, whereas they are present in a number of syntrophs. 
These observations again point to the importance of formate as interspecies electron carrier. 
The membrane bound Rnf complex that can conserve energy by the reversible translocation of 
protons or sodium ions from ferredoxin oxidation with NAD+ 55 was not found in non-syntrophs, 
but is present in several syntrophs. As syntrophs live at the limit of what is energetically possible 
56-58 they contain mechanisms to conserve energy from ferredoxin oxidation with NAD+. 
Furthermore, recently the domain with unknown function “DUF224” was shown to play a role 
in electron transport from an electron transfer flavoprotein (ETF) towards membrane-bound 
electron transfer components in S. wolfei 34. DUF224 is present in 18 genomes from which 17 
also contain domains linked to ETF complexes. This indicates that DUF224 may also have a role 
in electron transfer in bacteria other than S. wolfei.

6.3 Energetics and metabolism of syntrophic butyrate and propionate degradation

6.3.1 Energy conservation mechanisms
For microbial maintenance and growth the energy that is released from catabolic reactions has 
to be converted into energy that can be used to perform anabolic reactions. Therefore, energy 
is conserved as ATP by substrate level phosphorylation or via a proton or sodium gradient 
over the cytoplasmic membrane, termed electron transport phosphorylation. Membrane bound 
enzyme complexes are required to build a proton gradient over the membrane while other 
membrane bound enzyme complexes are required to use the proton gradient. The membrane 
bound enzyme complex ATP synthase can either use the proton gradient for ATP synthesis or 
ATP hydrolysis to build the proton gradient. 
In addition to substrate level phosphorylation and the proton gradient over the cytoplasmic 
membrane, a recently discovered process called flavin-based electron bifurcation has been 
considered as a third mechanism for energy conservation 68. In the last decade, several of such 
cytoplasmic bifurcation complexes were determined in bacteria and archaea 68-76. Instead of 
coupling two redox reactions, as is performed by commonly known redox proteins, bifurcation 
(and the reversed reaction termed confurcation) enzyme complexes couple three redox 
reactions. With this concept, energy that would otherwise have been lost can be conserved 
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or endergonic reactions can be coupled to exergonic reactions and reducing equivalents that 
are generated can be re-oxidized efficiently. For instance endergonic reduction of ferredoxin 
with NADH is coupled to the exergonic reduction of crotonyl-CoA to butyryl-CoA by the 
butyryl-CoA / electron transfer flavoprotein complex of Clostridium kluyveri 60. Another example 
is the [FeFe]-hydrogenase complex of Thermotoga maritima that couples reversible ferredoxin 
reduction with hydrogen to NAD+ reduction 72. In addition to cytoplasmic bifurcating enzyme 
complexes, membrane bound complexes (Rnf-complexes) were recently shown to conserve 
energy by the reversible translocation of protons or sodium from ferredoxin oxidation with 
NAD+ 66. The energy conserving hydrogenase (Ech) has a similar function, but performs the 
proton or sodium translocation by ferredoxin oxidation with hydrogen production 78. 

6.3.2 Syntrophic butyrate degradation
Butyrate oxidation coupled to hydrogen or formate production is endergonic under standard 
conditions. This is shown by the positive standard Gibbs free energy changes; + 48 kJ and 
+ 55 kJ, respectively (Table 6.3). When butyrate oxidation is coupled to methane production 
the conversion is energetically feasible. To share this energy between the syntrophic butyrate 
oxidizer and the methanogen in such a manner that both organisms gain enough energy to grow, 
the hydrogen and formate concentrations have to be kept in a low range 58. Syntrophomonas 
wolfei, Syntrophus aciditrophicus and Syntrophothermus lipocalidus can couple butyrate oxidation to 
syntrophic growth with methanogens and cannot grow in pure culture with any of the common 
inorganic electron acceptors 32,35,79. 

All syntrophic butyrate degraders oxidize butyrate via the beta-oxidation pathway (Table 6.4, 
Figure 6.1) 8,56. This pathway includes two reactions that generate each two electrons and two 
protons and one that generates ATP. This ATP partially has to be invested in the endergonic 
conversion of butyryl-CoA to crotonyl-CoA. The biochemical mechanism that enables 
investment of a fraction of ATP for the endergonic conversion of butyryl-CoA to crotonyl-CoA 
has recently been revealed in S. wolfei. Electrons that are generated by the conversion of butyryl-
CoA to crotonyl-CoA travel via butyryl-CoA dehydrogenase (encoded by genes with locus 
tags Swol_1933 and Swol_2053), an electron transfer flavoprotein (encoded by Swol_0696-7) 
and a membrane anchored protein that was annotated as DUF224 (encoded by Swol_0698) to 
the menaquinone pool in the membrane. Oxidation of reduced menaquinone is then coupled 
to formate generation by a membrane anchored extra-cytoplasmic formate dehydrogenase 
(encoded by Swol_0797-800) 45. For this reaction, two protons from the membrane potential 
are invested and simultaneously formate is produced that is used by the methanogen. This 
indicates the importance of formate as an electron carrier in syntrophic butyrate degradation. 
The second reaction that generates electrons and protons is the conversion of hydroxybutyryl-
CoA to acetoacetyl-CoA which is endergonic when coupled via NAD+ to hydrogen or formate 
production. Most likely in S. wolfei this involves the [FeFe]-hydrogenase (encoded by Swol_1017-
19) that forms a cytoplasmic complex with a formate dehydrogenase (Swol_0783-6) 81.

6.3.3 Syntrophic propionate degradation
Propionate oxidation coupled to hydrogen or formate production is endergonic under standard 
conditions. This is shown by the positive Gibbs free energy changes; + 72 kJ and + 82 kJ 
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Figure 6.1: Metabolic pathways that are used for butyrate and propionate conversion by bacteria that 
can grow in syntrophy with methanogens.
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Table 6.3 Gibbs free energy changes of butyrate, propionate and formate oxidation and methane 
production. Values were calculated from the Gibbs free energies of formation of the reactants at a 
concentration of 1M, pH 7.0, T=298K and a partial pressure of gas of 1 atmosphere according to 
Thauer et al. 1977 80.

Eq. no Reaction ∆G0’ (kJ/reaction)
1a Butyrate- + 2 H2O  2 Acetate- + H+ + 2H2

+ 48

1b Butyrate- + 2 H2O + 2 CO2  2 Acetate- + 3 H+ +2 Formate- + 55

2a Propionate- + 2 H2O  Acetate- + CO2 + 3 H2
+ 72

2b Propionate- + 2 H2O + 2 CO2 Acetate- + 3 Formate- + 3 H+ + 82

3 Formate- + H+  H2 + CO2
-3.4

4 4 Formate + 4 H+  CH4 + 3 CO2 + 2 H2O - 145

5 4 H2 + CO2  CH4 + 2 H2O - 131

6 Acetate- + H+  CH4 +  CO2
-36
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respectively (Table 6.3). However, when propionate oxidation is coupled to methane production 
the conversion is energetically feasible. To share energy between the syntrophic propionate 
oxidizer and the methanogen in such a manner that both organisms gain enough energy to grow, 
the hydrogen and formate concentrations have to be kept in a low range 58. Smithella propionica, 
Syntrophobacter fumaroxidans and Pelotomaculum thermopropionicum are able to couple propionate 
oxidation to syntrophic growth with methanogens 18, 47, 87, 94. Smithella propionica degrades 
propionate via a dismutating pathway to acetate and butyrate, which is subsequently oxidized 
to acetate 95. All other known syntrophic propionate-degrading bacteria use the methylmalonyl-
CoA pathway to oxidize propionate to acetate and CO2 (Figure 6.1). In this pathway one ATP is 
formed via substrate level phosphorylation, 2/3 ATP have to be invested and three conversions 
in the methylmalonyl-CoA pathway generate each two electrons and two protons. 
One of the reactions that generates two electrons and two protons is the endergonic oxidation 
of succinate to fumarate that requires investment of 2/3 ATP 58.  Van Kuijk et al. (1998) 84 proposed 
that succinate oxidation could be coupled to extra-cytoplasmic hydrogen or formate formation via 
a menaquinone loop between a cytoplasmic oriented membrane-bound succinate dehydrogenase 
and a periplasmic oriented membrane bound hydrogenase or formate dehydrogenase. Genes 
coding for a periplasmic hydrogenase and three extra-cytoplasmic formate dehydrogenases were 
found in the genome of S. fumaroxidans 96. Especially the gene Sfum_1273-74 that codes for one 
of the periplasmic formate dehydrogenase alpha subunits is highly transcribed in syntrophic 
conditions 97, which suggests that succinate oxidation is coupled to formate production and 
indicates the importance of formate as an electron carrier in syntrophic propionate degradation. 
Also malate oxidation to oxaloacetate generates two electrons and two protons, which in S. 
fumaroxidans are coupled to NAD+ reduction by malate dehydrogenase 98. To couple this to 
hydrogen production would require a hydrogen partial pressure of 10-8 atm, which is lower than 
can be maintained by methanogens 58. The third reaction that generates electrons and protons is 
the conversion of pyruvate to acetyl-CoA and CO2 that can be coupled to ferredoxin reduction 
using the pyruvate:ferredoxin oxidoreductases 99. Genome analysis suggests that NADH 
generated from malate oxidation and reduced ferredoxin generated from pyruvate oxidation 
could be coupled to formate or hydrogen production by confurcating formate dehydrogenases 
and hydrogenases 96. Such a mechanism would use the energy that remains from ferredoxin 
oxidation with protons to allow the endergonic coupling of NADH oxidation to proton 
reduction. Formate dehydrogenases from S. fumaroxidans were studied for subunit-composition, 
enzyme activity, cofactor binding and direction of conversion. Formate dehydrogenase 1 contains 
W, Se, four [2Fe2S], one [4Fe4S] and is a heterotrimer. Formate dehydrogenase 2 contains W, 
Se, two [4Fe4S] and is heterodimer. Both enzymes oxidize formate with benzyl viologen and 
reduce CO2 with reduced methylviologen. The purified enzyme was not able to reduce NAD+ 
100. Whether these formate dehydrogenases can confurcate electrons from NADH and reduced 
ferredoxin to CO2 reduction, has never been tested.

6.3.4 Syntrophic formate degradation
Genome comparison pointed to the role of formate in syntrophic butyrate and propionate 
degradation. Interestingly, syntrophic growth with formate was described as well 14. Formate 
oxidation coupled to hydrogen is endergonic under standard conditions. This is shown by the 
Gibbs free energy change that is close to zero; -3.4 kJ (Table 6.3). However, when formate



Chapter 6

132

Ta
bl

e 
6.

4.
 P

hy
sio

lo
gi

ca
l c

ha
ra

ct
er

ist
ics

 o
f 

th
e 

bu
ty

ra
te

 a
nd

 p
ro

pi
on

at
e 

de
gr

ad
in

g 
sy

nt
ro

ph
s 

an
d 

no
n-

sy
nt

ro
ph

s: 
Sy

nt
ro

ph
om

on
as

 w
ol

fe
i s

ub
sp

. w
ol

fe
i 

(A
), 

Sy
nt

ro
ph

us
 a

cid
itr

op
hi

cu
s 

(B
), 

Sy
nt

ro
ph

ot
he

rm
us

 l
ip

oc
al

id
us

 (
C)

, S
yn

tro
ph

ob
ac

te
r 

fu
m

ar
ox

id
an

s 
(D

), 
Pe

lo
to

m
ac

ul
um

 t
he

rm
op

ro
pi

on
icu

m
 (

E)
,  

D
es

ul
fo

to
m

ac
ul

um
 k

uz
ne

ts
ov

ii 
(F

), 
D

es
ul

fo
bu

lb
us

 p
ro

pi
on

icu
s 

(G
).

A
B

C
D

E
F

G

G
ra

m
 r

ea
ct

io
n

-
-

-a
-

-a
-a

-

M
ot

ili
ty

+
-

+
-

-
+

-

Sp
or

e 
 fo

rm
at

io
n

-
-

-
-

+
+

-

G
ro

w
th

 p
H

(r
an

ge
 /o

pt
im

um
)

N
D

/7
.2

?
 N

D
/7

.0
?

5.
8-

7.
5

(6
.5

-7
)

6.
0-

8.
0/

7
6.

5-
8.

0/
7.

0
N

D
6.

0-
8.

6
(7

.1
-7

.5
)

G
ro

w
th

 t
em

pe
ra

tu
re

 
(°

C
) 

(r
an

ge
/o

pt
im

um
) 

N
D

/3
5

25
-4

2/
35

45
-6

0/
55

20
-4

0/
37

45
-6

5/
55

50
-8

5/
60

-6
5

10
-4

3/
39

G
ro

w
th

 r
at

e 
 (

d-1
)

0.
27

 in
 c

oc
ul

tu
re

 
on

 b
ut

yr
at

e 
w

ith
 

M
et

ha
no

sp
iri

llu
m

 
hu

ng
at

ei

0.
22

 in
 c

oc
ul

tu
re

 
w

ith
 D

es
ul

fo
vib

rio
 

st
ra

in
 G

11

0.
93

 in
 p

ur
e 

cu
ltu

re
 o

n 
cr

ot
on

at
e

1.
06

 in
 c

oc
ul

tu
re

 o
n 

bu
ty

ra
te

0.
17

 in
 

co
cu

ltu
re

0.
19

 c
oc

ul
tu

re
 o

n 
pr

op
io

na
te

2.
4 

co
cu

ltu
re

 o
n 

et
ha

no
l

N
D

0.
42

(p
ro

pi
on

at
e 

+ 
su

lfa
te

)

C
yt

oc
hr

om
e 

b 
an

d 
- 

c 
M

en
aq

ui
no

ne
C

yt
 C

 
M

K
-7

 
M

Q
N

ot
 fo

un
d

C
yt

 b
, C

yt
 c

M
K

-6
, M

K
-7

M
K

N
D

C
yt

 b
, C

yt
 c

 
M

K
-4

, M
K

-5
 

M
et

ab
ol

ic
 p

at
hw

ay
 

us
ed

β-
ox

id
at

io
n

β-
ox

id
at

io
n

β-
ox

id
at

io
n

M
et

hy
lm

al
on

yl
-

C
oA

M
et

hy
lm

al
on

yl
-C

oA
W

oo
d 

Lj
un

gd
ah

l
M

et
hy

lm
al

on
yl

-C
oA

β
-O

xi
da

tio
n

M
et

hy
lm

al
on

yl
-

C
oA

C
om

pl
et

e/
 

In
co

m
pl

et
e 

ox
id

iz
er

In
co

m
pl

et
e

In
co

m
pl

et
e

In
co

m
pl

et
e

In
co

m
pl

et
e

In
co

m
pl

et
e

co
m

pl
et

e
in

co
m

pl
et

e

El
ec

tr
on

 a
cc

ep
to

r 
ut

ili
za

tio
n 

in
 p

ur
e 

cu
ltu

re

no
ne

no
ne

 
N

on
e

su
lfa

te
, 

th
io

su
lfa

te
, 

fu
m

ar
at

e

fu
m

ar
at

e
su

lfa
te

, s
ul

fit
e,

 
th

io
su

lfa
te

su
lfa

te
, s

ul
fit

e,
 

th
io

su
lfa

te
, 

ni
tr

at
e,

 o
xy

ge
n,

 
Fe

(II
I)

Su
bs

tr
at

e 
ut

ili
za

tio
n 

in
 

pu
re

 c
ul

tu
re

cr
ot

on
at

e
cr

ot
on

at
e

cr
ot

on
at

e
pr

op
io

na
te

, 
fo

rm
at

e,
 

fu
m

ar
at

e,
 

su
cc

in
at

e,
 

hy
dr

og
en

, 
m

al
at

e,
 

as
pa

rt
at

e,
 

py
ru

va
te

pr
op

io
na

te
, 

fu
m

ar
at

e,
 

py
ru

va
te

, 
et

ha
no

l, 
la

ct
at

e

fo
rm

at
e,

 a
ce

ta
te

, 
pr

op
io

na
te

, 
bu

ty
ra

te
, v

al
er

at
e,

 
la

ct
at

e,
 m

al
at

e,
 

fu
m

ar
at

e,
 s

uc
ci

na
te

, 
m

et
ha

no
l, 

et
ha

no
l, 

pr
op

an
ol

, b
ut

an
ol

, 
hy

dr
og

en
, (

up
 t

o 
50

%
) 

C
O

pr
op

io
na

te
, 

la
ct

at
e,

 
py

ru
va

te
, 

et
ha

no
l, 

1-
pr

op
an

ol
 +

1 
bu

ta
no

l, 
H

2



A genomic comparison of syntrophic and non-syntrophic butyrate- and propionate-degrading bacteria 

133

Su
bs

tr
at

e 
ut

ili
za

tio
n 

in
  

co
-c

ul
tu

re

bu
ty

ra
te

, 
ca

pr
oa

te
, 

ca
pr

yl
at

e,
 

va
le

ra
te

, 
he

pt
on

oa
te

, 
is

oh
ep

ta
no

at
e

bu
ty

ra
te

, b
en

zo
at

e,
 

he
xa

no
at

e,
 

he
pt

an
oa

te
, 

oc
ta

no
at

e,
 

pa
lm

ita
te

, s
te

ar
at

e,
 

tr
an

s-
2-

pe
nt

en
oa

te
, 

tr
an

s-
2-

he
xa

no
at

e,
 

tr
an

s-
3-

he
xa

no
at

e,
 

2-
oc

te
no

at
e,

 
m

et
hy

l e
st

er
s 

of
 b

ut
yr

at
e 

an
d 

he
xa

no
at

e,

bu
ty

ra
te

, i
so

bu
ty

ra
te

,
st

ra
ig

ht
-c

ha
in

fa
tt

y 
ac

id
s 

fr
om

 C
4 

to
 C

10

Pr
op

io
na

te
pr

op
io

na
te

, e
th

an
ol

,
la

ct
at

e,
 

1-
bu

ta
no

l, 
et

hy
le

ne
 g

ly
co

l,
1-

pr
op

an
ol

, 
1-

pe
nt

an
ol

, 
1,

3-
pr

op
an

ed
io

l

N
on

e
N

on
e

Sy
nt

ro
ph

ic
 p

ar
tn

er
 

us
ed

M
. h

un
ga

te
i

D
es

ul
fo

vib
rio

 G
11

M
. b

ry
an

tii
  M

oH
M

. a
rb

or
ip

hi
lu

s

M
. h

un
ga

te
i

D
es

ul
fo

vib
rio

 G
11

 
in

 t
he

 p
re

se
nc

e 
of

 
su

lfa
te

M
. t

he
rm

oa
ut

ot
ro

ph
icu

m
M

. h
un

ga
te

i
M

. f
or

m
ici

cu
m

M
. t

he
rm

oa
ut

ot
ro

ph
icu

s
N

on
e

N
on

e

R
ef

er
en

ce
s

33
, 7

9,
 8

2,
 8

3
32

, 5
6

35
36

, 8
4,

 8
5

18
, 8

6,
 8

7
75

, 8
8

7,
 3

8,
 8

9-
93

a  C
el

ls 
st

ai
n 

G
ra

m
-n

eg
at

ive
 b

ut
 th

e 
or

ga
ni

sm
 h

as
 a

 G
ra

m
-p

os
iti

ve
 c

el
l w

al
l u

ltr
as

tru
ct

ur
e. 

b  N
D

: n
ot

 d
et

er
m

in
ed

 o
r n

ot
 re

po
rt

ed
.



Chapter 6

134

oxidation is coupled to methane production the conversion is energetically feasible. To share 
energy between the syntrophic formate oxidizer and the methanogen in such a manner that 
both organisms gain enough energy to grow, the hydrogen concentrations have to be kept in a 
low range. The thermophilic Moorella sp. strain AMP and mesophilic Desulfovibrio sp. strain G11 
are able to couple formate oxidation to syntrophic growth with methanogens that can only use 
hydrogen as electron donor 14. The electron transfer mechanism that allows syntrophic formate 
degradation is not known. Possibly an extra-cytoplasmic formate dehydrogenase is coupled to 
a membrane integrated, cytoplasmic oriented hydrogenase which generates a proton motive 
force that can be used for ATP synthesis 14. To what extend and in what types of anaerobic 
microbial environments syntrophic formate degradation can compete with formate degradation 
by methanogens is not widely explored. 

6.4 Discussion

Recently, Sieber et al. performed a genome comparison of bacteria capable of syntrophic growth 
with not only butyrate or propionate, but also with acetate, amino acids, lactate, ethanol or sugars 
118. They concluded that confurcating hydrogenases and membrane associated reverse electron 
transport complexes are present in many syntrophic metabolizers and play a critical role in 
syntrophy. The domain based functional profiling analysis presented in this chapter confirms 
the importance of membrane associated reverse electron transport complexes, like the Rnf 
complex. However, possible confurcating hydrogenases can also be found in non-syntrophs, 
like Desulfotomaculum kuznetsovii 88. This indicates that these complexes are not exclusive for 
syntrophs and can also be important for energy conservation in non-syntrophs. In addition, 
profiling domains involved in electron transfer mechanisms indicates that DUF224 may also 
have a role in electron transfer in bacteria other than S. wolfei, for both syntrophs as well as 
non-syntrophs. 
The analysis of Sieber et al. 118 confined to the genomes of syntrophs whereas this chapter also 
used the genomes of non-syntrophic sulfate-reducing bacteria in order to identify key-genes in 
syntrophy. Unfortunately, not many sulfate-reducing bacteria were tested for syntrophic butyrate 
or propionate degradation. Only Desulfotomaculum kuznetsovii and Desulfobulbus propionicus are 
validated non-syntrophs. To strengthen the importance of the analysis, more butyrate- and 
propionate-degrading sulfate-reducing bacteria have to be tested for syntrophic capability.  
Systematic functional profiling of genomes shed light on the question: “what are the key 
properties that make a butyrate- or propionate-degrading bacterium able to grow in syntrophy 
with methanogens and another not”. The presence or absence of extra-cytoplasmic formate 
dehydrogenases, including their maturation proteins, is clearly a difference between syntrophic 
and non-syntrophic butyrate or propionate degraders. Together with transcription and proteomic 
studies that show an increase of extra-cytoplasmic formate dehydrogenase during syntrophic 
growth [34, 97], it seems evident that this enzyme is a key factor for syntrophic butyrate and 
propionate degradation. Moreover, this simultaneously suggests that formate is an important 
interspecies electron carrier in syntrophic butyrate and propionate degradation. This is supported 
by the presence of the formate transporter in several butyrate and propionate degrading 
syntrophs. Further biochemical examination and knock-out experiments of genes involved 
in formate transport and extra-cytoplasmic formate dehydrogenase activity and maturation 
would give more insight in the importance of this enzyme complexes during syntrophy. Genetic 
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manipulation protocols for butyrate and propionate degrading syntrophic bacteria have to be 
developed. 
Furthermore the presence or absence of two domains, both linked to membrane integrated 
proteins with a currently unknown function in syntrophy, appear to make a difference as 
well. Both are membrane integrated proteins. One is putatively involved in capsule or biofilm 
formation and a second in cell division, shape-determination or sporulation. Capsule formation, 
cell division, shape-determination and sporulation by these bacteria during syntrophic growth 
could be assessed with microscopic techniques. 
Sulfate-reducing bacteria such as Desulfobacterium autotrophicum HRM2, Desulfomonile tiedjei and 
Desulfosporosinus meridiei were never tested for syntrophic growth, but all crucial domains for 
syntrophy identified in this chapter were found in corresponding genomes, which suggests their 
possible ability to grow in syntrophic association with methanogens.
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Figure 6.2: Energy converting enzyme complexes predicted from the genomes of bacteria that can 
degrade propionate and butyrate in syntrophic growth with methanogens; Syntrophobacter fumaroxidans 
(A), Syntrophomonas wolfei (B), Syntrophothermus lipocalidus (C), Syntrophus aciditrophicus (D), 
Pelotomaculum thermopropionicum (E), and from those that cannot grow in syntrophic growth with 
methanogens; Desulfotomaculum kuznetsovii (F), and Desulfobulbus propionicus (G)
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7. General discussion

The anaerobic degradation of one carbon compounds has been a subject of study for many 
decades. CO is an excellent electron donor for the reduction of CO2, sulfate, fumarate, metals 
1-6, and even for the reduction of protons to produce hydrogen 6-14. Moreover, it was shown that 
a CODH complex is involved in coupling CO oxidation and hydrogen 3, 15-35. Studies on anaerobic 
methanol metabolism lead to insight into the methanol degradation pathway in methanogens 
and acetogenic bacteria 36-44. 
The research presented in this thesis focuses on the proteins involved in one carbon 
metabolism (especially CO, methanol and formate) and the genes encoding these proteins. 
Performing genome and proteome analysis enabled the description of: the CO metabolism of 
two Desulfotomaculum nigrificans strains (Chapter 2), the methanol metabolism of Sporomusa 
ovata An4 and Desulfotomaculum kuznetsovii (Chapter 3,4,5; expanding the initial description of 
anaerobic methanol degradation in bacteria), and the importance of formate as an interspecies 
electron carrier in syntrophic butyrate and propionate degradation (Chapter 4, 6).   

7.1 Anaerobic CO metabolism and the different CODH complexes
By comparing the genomes of two Desulfotomaculum nigrificans strains, we were able to explain 
why they possess a different CO metabolism and we could confirm that the presence of one 
operon structure in strain CO-1-SRB, consisting of CODH and ECH genes, allows growth and 
hydrogen production with 100% CO in the gas phase (Chapter 2). In addition, we suggested that 
the synthesis of the two CODH complexes encoded in the genome of the type strain allows 
growth with 20% CO and sulfate, as energy substrates, and acetate as carbon source. 
D. kuznetsovii has three cooS genes, Desku_1492; 2150; 2787 (Chapter 4). Desku_1492 is part of 
a gene complex including genes coding for proteins involved in the acetyl-CoA pathway, while 
Desku_2150 only has acsB as neighbor gene. Interestingly, the comparative proteomics data 
showed that both Desku_1492 and Desku_2150 and other enzymes involved in the acetyl-CoA 
pathway were formed during growth at all conditions (Chapter 5). Which growth condition 
results in formation of the gene product of Desku_2787 cannot be deduced from our analysis.
Since the description of multiple cooS genes in Carboxydothermus hydrogenoformans and the 
proposed function of four of the five CODH complexes 45 no extensive studies have been done 
on the function of the CODH II, IV and V complexes. Recently, Techtmann et al. 46 discussed that 
6% of the sequenced bacterial and archaeal genomes have at least one cooS gene and that many 
(43 %) have multiple cooS genes. With the number of sequenced genomes increasing and the 
expectation that more CO-utilizing bacteria will be isolated in the near future, this percentage 
might even increase in the coming decade. In addition, Techtmann et al. 46 concluded that the 
distribution of the CODH catalytic subunit is related to function rather than to phylogeny, which 
means that for example the catalytic subunits of the CODH I complexes clustered together in 
differently constructed phylogenetic trees as a result of horizontal gene transfer. 
From the neighbor genes and the cooS trees described by Techtmann et al. (2012) it can be 
derived that the CODH complexes of the D. nigrificans type strain, DesniDRAFT_0851-0855 and 
DesniDRAFT_1323-1326, are similar to CODH IV and V of Carboxydothermus hydrogenoformans, 
respectively. This indicates that in general the presence of a CODH IV and/or V complex is 
sufficient for CO utilization by an anaerobic microorganism. However, more research is necessary 
to better understand the functions of the CODH complexes, especially CODH II, IV and V 
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complexes.

7.2 Anaerobic methanol metabolism

7.2.1 Involvement of MtaA methyltransferase in acetogens
Anaerobic methanol metabolism is well studied in methanogenic archaea and acetogenic bacteria. 
A methyltransferase system consisting of three subunits, MtaA, MtaB and MtaC is thought to 
be involved in methylotrophic growth of these microorganisms. In Sporomusa ovata and Moorella 
thermoacetica a corrinoid protein (the first methyltransferase) was formed in the presence of 
methanol and this enzyme was purified 36, 39, 44. However, the MtaA, the second methyltransferase 
thought to be involved in the methyl transfer from the corrinoid bound to MtaC to 
tetrahydrofolate (THF) was only shown to be present in the genome of Moorella thermoacetica, 
but was never experimentally tested to perform the reaction. We suggested that not the mtaA 
homologs of Sporomusa ovata strain An4 but the methyl-THF methyltransferase (c055:9957-
9160) is involved in the methyl transfer from MtaC to THF. Therefore, it is possible that also in 
M. thermoacetica no MtaA is involved. Similar to the mtaA homologs of strain An4 no mtaA of M. 
thermoacetica is situated next to the mtaB and mtaC genes. Moreover, a methyltransferase gene 
(Moth_1207) similar to the methyl-THF methyltransferase (c055:9957-9160) of strain An4, 97% 
coverage and 47% identity, is situated downstream of mtaC (Moth_1208) and mtaB (Moth_1209). 
If this methyltransferase (Desku_1207) or one or multiple MtaAs is involved in the methanol 
metabolism of Moorella thermoacetica needs to be analyzed, by for example a comparable 
proteome analysis as was performed with S. ovata strain An4 and Desulfotomaculum kuznetsovii 
(Chapter 3 and 5, respectively). If M. thermoacetica uses a methyl-THF methyltransferase instead 
of a MtaA this could also be true for all methanol utilizing acetogenic bacteria. 

7.2.2 Methanol methyltransferase and alcohol dehydrogenase, wielding two swords instead of one
Apart from the methanol methyltransferase system, D. kuznetsovii also has an alcohol dehydrogenase 
(ADH) that is part of a second methanol degrading pathway and oxidizes both methanol as 
ethanol (Chapter 5). This is not the first description of an ADH that besides ethanol also oxidizes 
methanol. Previously, ADH activity in cell free extracts of Desulfovibrio carbinolicus was shown 
with ethanol and methanol. The cell-free extracts were prepared of ethanol-grown cells and 
therefore the methanol activity was assigned to the ADH involved in the ethanol metabolism 
of D. carbinolicus. It was suggested that the ability of D. carbinolicus to grow with methanol is due 
to the ADH that shows activity with methanol 47. However, this was not confirmed as the ADH 
was never purified. The methanol active ADH of D. kuznetsovii was partially purified 48, but to 
confirm that D. kuznetsovii uses two methanol degrading pathways the methanol active ADH of 
D. kuznetsovii should be completely purified. 
The presence of two methanol degrading pathways, a cobalt-dependent and a cobalt-independent 
one, can be beneficial e.g. during cobalt limiting conditions. Anaerobic methanol degradation by 
methanogens and acetogens is hampered by cobalt limitation 49-51. Furthermore, methanogens 
appeared to compete better for cobalt during cobalt-limiting conditions 50 and have higher 
affinity for methanol than acetogens. Acetogens can only outcompete methanogens when the 
concentrations of  methanol and cobalt are high 49.  D. kuznetsovii can grow fastest with the 
methanol methyltransferase system (Chapter 5). Mixed culture experiments of the acetogen 
Moorella thermoautotrophica and D. kuznetsovii in methanol limiting conditions showed that D. 
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kuznetsovii has higher affinity for methanol 52. Moreover, at cobalt limiting conditions D. kuznetsovii 
is still able to grow using the cobalt-independent methanol dehydrogenase pathway. D. kuznetsovii 
has the advantage to shift between cobalt limiting conditions to non-limiting conditions and 
therefore is more flexible than microorganisms with only the methyltransferase pathway. The 
advantage of ‘wielding two swords’ is most likely not restricted to D. kuznetsovii. It is probable that 
other sulfate-reducing-bacteria also have a cobalt-dependent and a cobalt-independent methanol 
degrading pathway. This might even extrapolate to other anaerobes, for example the acetogen 
Moorella thermoacetica strain AMP. Moreover, a cobalt-independent methanol dehydrogenase 
pathway could also be involved in syntrophic degradation of methanol, even though this did not 
seem to be true for D. kuznetsovii.
Moorella thermoacetica strain AMP can grow with methanol in the presence of cobalt and vitamin 
B12. When cobalt and vitamin B12 were omitted from the medium strain AMP grows with 
methanol in syntrophic association with Methanothermobacter thermautotrophicus strain NJ1. In 
this coculture  methane and nearly no acetate was formed as product 53. This suggests the 
presence of a cobalt-dependent and a cobalt-independent methanol-degrading pathway. Whether 
this is restricted to strain AMP or if the Moorella thermoacetica type strain can do the same is not 
known. Clearly, in anaerobes the methanol methyltransferase system as described in methanogens 
is not the sole possible pathway to degrade methanol. Additional research is therefore necessary 
to unravel biochemistry and bioenergetics of either pathways.

7.2.3 Methanol degrading microorganisms in the environment
Because of the widespread occurrence of methanol on earth it is interesting to know which 
methanol utilizers are present in which environment. A recent investigation in a North Stavropol 
underground gas storage facility revealed the presence of many methanol utilizers 85. The stratum 
water of this underground gas storage facility contains high methanol and acetate concentrations, 
but low concentrations of minerals. In addition, the main gas contains carbon dioxide and 
hydrogen. Acetogens were dominant in most of the samples. However, high methanogenic activity 
could also be measured. The dominant anaerobic microorganisms isolated from these samples 
were acetogens, methanogens, and sulfate reducers. The isolated strains were closely related to 
Eubacterium limosum, Sporomusa sphaeroides, Methanosarcina barkeri, Methanobacterium formicicum, 
and Desulfovibrio desulfuricans. All strains showed resistance to high methanol concentrations 
and could, except for Methanobacterium formicicum, grow with methanol. The sulfate reducing 
strain however, showed only slow growth with methanol. This could indicate that a methanol 
dehydrogenase is involved, as growth of Desulfotomaculum kuznetsovii was also slower when using 
the alcohol dehydrogenase compared to the methanol methyltransferase system. This however 
needs to be studied further. Most of the methanol is degraded by the methanol utilizing acetogens 
and methanogens, or in other words by microorganisms that possess the methyltransferase 
system.
To analyze methanol utilizers in the environment molecular tools are required. Kolb and 
Stacheter addressed this issue 86. To get a better understanding of the global methanol conversion, 
they discussed the need for suitable gene targets to analyze methanol-utilizing microorganisms. 
Moreover, they pointed out five potential gene markers for aerobes and one for strict anaerobes, 
the mtaC gene 86. However, the mtaB gene is a better alternative as a target to develop gene-based 
detection of strict anaerobic methanol utilizers in the environment, because the mtaB codes for 
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the methanol specific subunit of the methyltransferase. Furthermore, the MtaC is the cobalamin 
binding subunit of the methyltransferase, which has high similarity with the cobalamin binding 
subunits of the tri-, di-, and mono-methylamine methyltransferases. 
In addition to mtaB another gene marker is necessary to analyze methanol-utilizing microorganisms, 
the methanol-utilizing alcohol dehydrogenase of D. kuznetsovii. However, more research needs 
to be performed. Similar methanol-utlizing alcohol dehydrogenases need to be demonstrated in 
other (sulfate-reducing) bacteria. Moreover, their difference with non-methanol-utilizing alcohol 
dehydrogenases needs to be established.       

7.3 Syntrophy

In nature syntrophic interactions play an important role in carbon cycling. The degradation 
process of complex organic compounds is performed by a combination of fermentation, 
acetogenesis, sulfidogenesis and methanogenesis at different environmental conditions. Generally, 
sulfate reduction is favoured over methanogenesis when sufficient sulfate is present 4,8. However, 
methanogenesis can occur simultaneously with sulfate reduction as well 54. This shows how 
flexible microbial communities can be. Moreover, the ability of several sulfate reducing bacteria 
to grow in syntrophic association with methanogens contributes to the variable process of 
syntrophic degradation and with them the variability of the electron carrier in interspecies 
electron transfer. Chapter 6 describes the important role of formate as an electron carrier in 
the syntrophic growth with butyrate and propionate. However, how important is interspecies 
formate transfer beyond syntrophic butyrate and propionate degradation? 

7.3.1 The role of formate in syntrophic lactate degradation
In syntrophic lactate degradation by Desulfovibrio alaskensis G20 70% of the electron flow occurs 
via formate in syntrophic association with a methanogenic partner 55. Additional research showed 
that the formate concentration increases when methanogens are inhibited by 2-bromo-ethane 
sulfonate. Moreover, the genes coding for a periplasmic formate dehydrogenase (FDH) were 
up-regulated during syntrophic growth and a knockout of these genes decreased growth rates 
and maximum cell densities in syntrophic cultures of D. alaskensis G20 with either Methanococcus 
maripaludis or Methanospirilum hungatei 56. The knockout did not affect growth with lactate and 
sulfate, indicating the importance of the periplasmic FDH and formate as an electron carrier in 
syntrophic growth. 
By contrast, D. vulgaris Hildenborough exclusively uses interspecies hydrogen transfer during 
syntrophic growth with lactate in coculture with a methanogen 57, 58. Moreover, transcriptional 
changes between sulfidogenic growth with lactate and syntrophic growth showed an up-
regulation of genes encoding periplasmic hydrogenases and a cytoplasmic oriented membrane 
bound hydrogenase during syntrophy. By comparing the up- and down-regulated genes of D. 
alaskensis and D. vulgaris during syntrophic growth it was concluded that there is no conserved 
core of syntrophy-associated genes 55. This represents the syntrophic flexibility of the Desulfovibrio 
species and the flexibility of electron carriers in syntrophic lactate degradation. 
Syntrophic lactate degradation was also described for the type strain of Desulfotomaculum 
nigrificans (59, Chapter 2) with a hydrogen-utilizing methanogen that cannot grow with formate. 
However, it was never examined if formate could also play a role as electron carrier in the 
coculture with D. nigrificans by using a different methanogen. In the genome of D. nigrificans  
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genes coding for an extra-cytoplasmic membrane bound FDH are present (Chapter 2). Since 
in syntrophic lactate degradation of D. alaskensis G20 the periplasmic FDH is an important 
enzyme complex, this could also be the case for D. nigrificans. Now that the genome of multiple 
Desulfotomaculum species have been sequenced, proteome and transcriptome analyses are 
possible to study syntrophic lactate degradation and the involvement of the extra-cytoplasmic 
membrane bound FDH in e.g. D. nigrificans 60, D. gibsoniae 61 and D. ruminis 62.

7.3.2 Possible interspecies formate transfer in syntrophic acetate degradation
Several species have been described to degrade acetate in syntrophic association with 
hydrogenotrophic methanogens but also with hydrogen and formate using methanogens 63-70. 
This suggests that formate is not essential as an electron carrier in these syntrophic interactions. 
However, it does not exclude that interspecies formate plays a role. Recently, the genomes of 
three syntrophic acetate degraders, Thermacetogenium phaeum, Tepidanaerobacter acetatoxydans 
strain Re1, and Clostridium ultunense strain BS, were sequenced 71-73. These bacteria use the acetyl-
coA pathway for syntrophic acetate oxidation 69. This pathway contains four redox reactions that 
each generate two electrons and two protons, catalyzed by carbon monoxide dehydrogenase 
(CODH), methylenetetrahydrofolate reductase (methylene-THF reductase), methylene-THF 
dehydrogenase, and FDH. ATP synthesis is expected to be driven by a sodium or proton motive 
force generated by these redox reactions. However, the proton translocating step and the 
types of electron carriers involved are not known, but due to the sequencing of the genome 
an electron chain was proposed for Moorella thermoacetica 74, 75. This electron transport chain 
involves the oxidation of CO to CO2 coupled to the reduction of cytochrome b. Subsequently, 
cytochrome b reduces methylene-THF to methyl-THF and a proton motive force is generated. 
Moreover, a proton motive force could be generated in M. thermoacetica membrane vesicles by 
the oxidation of CO to CO2 

76. In addition, other protein complexes, like a cytoplasmic oriented, 
membrane bound NADH and formate hydrogen lyase, were hypothesized to be involved in 
proton translocation in M. thermoacetica 74, 75. In syntrophic acetate oxidation these protein 
complexes probably function in the reverse reaction. However, thus far it is unclear if and 
how syntrophic acetate degraders can couple the intracellular redox reactions to extracellular 
formate production. The latter can be answered by analyzing the genome of these bacteria for 
the occurrence of extra-cytoplasmic FDHs. 
The genomes of T. phaeum, T. acetatoxydans and C. ultunense revealed that T. phaeum has two extra-
cytoplasmic FDHs and that both T. acetatoxydans and C. ultunense have no extra-cytoplasmic FDH. 
Moreover, T. acetatoxydans has no genes coding for any FDH. However, it does have a gene coding 
for a formate transporter. Syntrophic acetate oxidation by this strain generates formate from 
the formyl-THF synthetase, but apparently cannot oxidize formate to CO2 by a FDH. Formate 
is likely transported to the environment via the formate transporter and can there be used by 
formate-utilizing methanogens. By focusing on the (extra-cytoplasmic) FDHs in the genomes of 
these three syntrophic acetate oxidizers it becomes clear that there are differences within these 
strains and therefore, there are most likely differences in interspecies electron transport. It can 
be expected that, like syntrophic lactate degradation, the importance of interspecies formate 
transfer will differ between syntrophic acetate degraders.            



General discussion

153

7.3.3 Hydrogen as a possible syntrophic substrate 
Chapter 6 discussed syntrophic formate degradation by interspecies hydrogen transfer. The 
electron transfer mechanism that allows syntrophic formate degradation is not known but 
Moorella sp. strain AMP and Desulfovibrio sp. strain G11 are able to couple formate oxidation to 
syntrophic growth with methanogens that can only use hydrogen as electron donor. In theory 
syntrophic hydrogen degradation by interspecies formate transfer could also be possible. By 
coupling the reduction of CO2 to formate (by the bacterium) with methane production (by the 
methanogen) the conversion is energetically feasible. 

HCO3
- + H2 à CHOO- + H2O 			   -1.3	 kJ/reaction

4 CHOO- + H2O + H+ à CH4 + 3 HCO3
-		  -132	 kJ/reaction

A syntrophic hydrogen degrading community that uses formate as interspecies electron donor 
has not been found yet. However, recent experiments with Desulfovibrio vulgaris Hildenborough 
show growth with H2 and CO2 in the presence 77 and absence 78 of sulfate when acetate is in 
the medium. Without sulfate, formate accumulation was observed. Moreover, accumulation of 
formate was slower and decreased in mutant strains that lacked one of the periplasmic FDHs 
compared to the wild type. This suggests that the electron donor hydrogen is used to produce 
formate by the reduction of CO2 via the FDHs 78. In theory the formate produced by D. vulgaris 
could subsequently be used by a methanogenic partner, which will keep formate concentrations 
low. This would allow D. vulgaris to grow in a sulfate deprived environment. However, methanogens 
that utilize formate can also grow with hydrogen. Da Silva et al. 78 suggested that in high hydrogen 
concentration environments syntrophic hydrogen utilization via interspecies formate transfer 
might occur.

7.3.4 Syntrophs evolved from sulfate-reducing bacteria
Chapter 4 and 6 discussed possible key genes involved in syntrophy by comparing syntrophs 
and sulfate reducers. Syntrophs and sulfate reducers have many similarities. Moreover, several 
syntrophs can also respire sulfate. Interestingly, according to 16S rRNA gene phylogeny obligate 
syntrophs are close related to sulfate-reducing bacteria. Moreover, the genome of the obligate 
syntroph Pelotomaculum thermopropionicum contains almost the complete sulfate-respiring 
pathway (Chapter 4). This suggests that P. thermopropionicum might have evolved from a true 
sulfate-reducing bacterium.
A recent study showed the evolution of a sulfate reducer towards becoming an obligate 
syntroph 87. 22 cocultures of a sulfate reducer (Desulfovibrio vulgaris) and a hydrogenotrophic 
methanogen (Methanococcus maripaludis) were grown with lactate in the absence of sulfate for 
1000 generations. The cocultures evolved increased stability, higher yields, higher growth rates, 
and in 13 of the 22 cultures D. vulgaris accumulated mutations that caused loss of functions of its 
sulfate-respiring pathway. The authors conclude that specialization for a mutualistic interaction 
can evolve by natural selection. Moreover, they suggest that a sulfate-reducing bacterium can 
readily evolve to become a specialized syntroph 87. However, this cannot be true for an obligate 
sulfate reducer, like Desulfotomaculum kuznetsovii. In order for a sulfate-reducing bacterium to 
evolve towards a specialized syntroph it needs some syntrophic capacity. Obligate syntrophs 
and strict sulfate reducers seem to be two specialized extremes, with a sulfate reducer with 
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syntrophic capacity as a common ancestor.    

7.4 Future perspectives

The research described in this thesis aimed to get a better understanding of the metabolism of 
one carbon compounds in acetogens and sulfate-reducing bacteria. Apart from the fundamental 
importance, to gain more knowledge about the microorganisms and the pathways they carry 
that close the circle in the global carbon cycle, it is also important for application purposes to 
continue to study anaerobic one carbon metabolism. 
Research is necessary to better understand the functions of the CODH complexes, especially 
the less defined CODH II, IV and V complexes. A comparative proteome analysis would be a 
good approach. However, the challenge is to include conditions that use the lesser defined 
complexes. Desulfotomaculum species are good candidates for such an analysis since their genome 
generally encode different CODH complexes. Growth of CO in low and high concentrations 
and with and without sulfate can be studied. Studies on CO resistance and degradation are 
necessary for applications of synthesis gas. Synthesis gas is comprised for 60-80% of hydrogen 
and CO, with CH4, CO2, SO2, H2S, and NH3 present in smaller concentrations 80. Industry uses 
the microbial conversion of synthesis gas to produce chemicals, proteins, and hydrogen 81-83. 
Elucidating the function of all CODH complexes and their role in CO resistance and degradation 
will assist in screening cultures for their CO degrading capacity for more efficient synthesis 
gas use. Subsequently, manipulating growth conditions to drive CO degradation via a specific 
CODH complex could improve product formation. An example of the latter would be hydrogen 
production via induced CODH I complexes at higher CO concentration 84. Moreover, synthesis 
gas can be used for the reduction of sulfate in wastewater treatment. For this, CO metabolism 
studies in Desulfotomaculum species are beneficial, since D. nigrificans CO-1-SRB was isolated 
from an anaerobic wastewater treatment facility, suggesting their involvement in wastewater 
treatment (Chapter 2, 8).
In addition to synthesis gas, methanol can be used to enhance sulfate reduction in wastewater 
treatment. The presence of a cobalt dependent and independent methanol degradation pathway 
as described in Desulfotomaculum kuznetsovii (Chapter 5) is useful because there is no need 
for the addition of cobalt and vitamin B12. The depletion of cobalt and vitamin B12 in high 
methanol concentration environments hampers sulfate reduction in the absence of a cobalt-
independent pathway. Therefore, using an sulfate reducer that can use a cobalt-independent 
methanol degradation pathway, like D. kuznetsovii, will enhance methanol degradation and sulfate 
reduction. Additionally, it is interesting to find more sulfate-reducing bacteria capable of degrading 
methanol in a cobalt-dependent and independent fashion and investigate the cobalt independent 
syntrophic methanol degradation as proposed for Moorella thermoacetica strain AMP.        
Future investigation of cobalt independent methanol degradation during syntrophic methanol 
degradation could elucidate the syntrophic systems involved. Furthermore, comparing 
phylogenetically closely related species that differ in their syntrophic capacity will help to 
understand how syntrophs work. Desulfotomaculum cluster I is an appropriate phylogenetic group 
for this type of study. 
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Chapter 2
S1 To reveal genomic differences between the very closely related Desulfotomaculum nigrificans and 
D. carboxydivorans a bidirectional BLAST of the protein coding genes was performed. BLAST analyses 
were performed using standard settings and best hits were filtered for 70% sequence coverage and 40% 
identity. The table displays the locus tag and the function of the genes that were filtered. Colors indicate 
genes that are situated next to each other in the genome.

Table can be found in: Standards in Genomic Sciences (2014) 9: 655-675

Chapter 3
S1 Proteomic data of the proteins with >9 peptide counts of Sporomusa strain An4. The table shows the 
predicted function of the proteins, the reference to the genome, and their related peptide abundance in 
the five different growth conditions: hydrogen and carbon dioxide (H2 CO2), methanol (MeOH), methanol 
and nitrate (NO3

-), betaine (B), and fructose (F).
Predicted function Genome reference H2CO2 MeOH NO3

- B F

CobN component of cobalt chelatase involved in 
B12 biosynthesis

s01:1003993-1000277 5 91 34 21 2

Ethanolamine utilization protein similar to PduL s01:1019277-1018705 31 29 16 25 42

Aspartate aminotransferase (EC 2.6.1.1) s01:1020847-1019684 10 7 2 7 9

S-adenosylhomocysteine deaminase (EC 3.5.4.28); 
Methylthioadenosine deaminase

s01:1022252-1020972 8 10 13 14 21

Adenosylhomocysteinase (EC 3.3.1.1) s01:1023522-1022281 13 30 30 23 20

5'-methylthioadenosine phosphorylase (EC 
2.4.2.28)

s01:1025386-1024595 11 18 8 18 14

Inosine-5'-monophosphate dehydrogenase (EC 
1.1.1.205)

s01:1036297-1034843 68 76 78 59 74

LSU ribosomal protein L28p s01:1045134-1045325 11 6 2 7 11

Tricarboxylate transport protein TctC s01:1051786-1050836 13 10 17 14 2

6,7-dimethyl-8-ribityllumazine synthase (EC 
2.5.1.78)

s01:1056844-1056374 1 29 12 5 10

3,4-dihydroxy-2-butanone 4-phosphate synthase 
(EC 4.1.99.12) / GTP cyclohydrolase II (EC 
3.5.4.25)

s01:1058058-1056847 21 12 11 9 18

Serine/threonine protein kinase PrkC, regulator of 
stationary phase

s01:1063582-1061699 8 10 11 1 4

S-adenosylmethionine synthetase (EC 2.5.1.6) s01:1077301-1076111 40 42 38 29 41

Protein YicC s01:1080839-1079955 11 12 7 9 11

Isoleucyl-tRNA synthetase (EC 6.1.1.5) s01:1094692-1091900 52 61 48 82 97

Cell division initiation protein DivIVA s01:1095754-1095302 9 54 43 44 48

Pyrroline-5-carboxylate reductase (EC 1.5.1.2) s01:1097382-1096570 20 41 14 39 32

FIG001960: FtsZ-interacting protein related to 
cell division

s01:1097865-1097413 11 19 12 0 11

Translation elongation factor G-related protein s01:1101648-1099567 109 264 109 78 42

ATP:Cob(I)alamin adenosyltransferase s01:1102603-1102079 10 16 17 13 17
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Nucleoside diphosphate kinase (EC 2.7.4.6) s01:1103048-1102596 6 13 5 7 10

Acetylornithine aminotransferase (EC 2.6.1.11) s01:1106377-1105121 11 15 7 9 2

Chaperone protein HtpG s01:1112541-1114502 92 159 101 83 55

CoA-disulfide reductase (EC 1.8.1.14) / Disulfide 
bond regulator

s01:111523-109055 8 9 7 10 7

RNA-binding protein Hfq s01:1147644-1147381 12 2 2 7 7

Cytosol aminopeptidase PepA (EC 3.4.11.1) s01:1159206-1157707 10 4 5 6 6

FIG002344: Hydrolase (HAD superfamily) s01:1161930-1160386 5 44 34 28 33

RecA protein s01:1163645-1162551 12 15 11 9 10

DEAD-box ATP-dependent RNA helicase CshA 
(EC 3.6.4.13)

s01:1165324-1163747 26 57 63 61 71

Competence/damage-inducible protein CinA s01:1166582-1165335 9 9 6 13 14

Transcriptional regulator in cluster with 
unspecified monosaccharide ABC transport 
system

s01:1172354-1171623 3 13 3 5 7

Putative mandelate racemase STM3833 s01:134957-133767 2 4 1 0 13

Gluconate dehydratase (EC 4.2.1.39) s01:136304-135090 56 81 59 45 67

Methyl-accepting chemotaxis protein s01:140873-138918 41 49 38 22 18

Biosynthetic Aromatic amino acid 
aminotransferase alpha (EC 2.6.1.57) @ Aspartate 
aminotransferase (EC 2.6.1.1)

s01:142889-141696 9 14 7 16 23

Methyl-accepting chemotaxis protein s01:146726-145668 17 44 42 39 94

Flavoprotein s01:148850-148611 6 12 13 11 8

Alkyldihydroxyacetonephosphate synthase (EC 
2.5.1.26)

s01:149914-148892 8 23 15 14 9

Rubrerythrin s01:150407-149907 11 31 24 20 24

HtrA protease/chaperone protein s01:155278-154157 11 10 4 7 12

diguanylate cyclase/phosphodiesterase (GGDEF & 
EAL domains) with PAS/PAC sensor(s)

s01:164096-161715 3 8 4 3 11

Tryptophan synthase beta chain like (EC 4.2.1.20) s01:165860-164478 13 19 13 10 11

Aspartate/glutamate/uridylate kinase s01:172019-171243 9 17 3 16 13

Tungsten-containing aldehyde:ferredoxin 
oxidoreductase (EC 1.2.7.5)

s01:177597-175870 474 606 606 453 670

Molybdopterin biosynthesis protein MoeA s01:178195-179409 28 10 17 10 10

Outer membrane vitamin B12 receptor BtuB s01:186270-184285 22 29 30 8 16

RNA-binding protein Hfq s01:190997-191257 11 7 3 10 7

Methyl-accepting chemotaxis protein s01:196729-195017 7 9 11 8 9

Aminomethyltransferase (glycine cleavage system 
T protein) (EC 2.1.2.10)

s01:208869-206227 41 89 88 90 43

COG1020: Non-ribosomal peptide synthetase 
modules and related proteins

s01:21572-6825 54 125 50 80 80

probable electron transfer protein s01:220049-218250 0 0 0 24 1

Trimethylamine:corrinoid methyltransferase @ 
pyrrolysine-containing

s01:235381-233915 9 0 18 177 4
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Predicted function Genome reference H2CO2 MeOH NO3
- B F

Trimethylamine:corrinoid methyltransferase @ 
pyrrolysine-containing

s01:236881-235415 12 2 48 159 7

5-methyltetrahydrofolate--homocysteine 
methyltransferase (EC 2.1.1.13)

s01:237546-236914 9 1 30 140 4

Methyl-accepting chemotaxis protein s01:241415-239700 7 13 14 7 13

ABC-type polar amino acid transport system, 
ATPase component

s01:260113-259376 1 0 0 10 1

Amino acid ABC transporter, periplasmic amino 
acid-binding portion

s01:261606-260803 7 7 5 39 12

2-hydroxy-3-oxopropionate reductase (EC 
1.1.1.60)

s01:266617-265727 70 22 20 3 25

2-keto-3-deoxy-D-arabino-heptulosonate-7-
phosphate synthase I beta (EC 2.5.1.54)

s01:346639-345620 50 52 23 17 18

Siderophore biosynthesis non-ribosomal peptide 
synthetase modules

s01:347121-346657 70 169 153 46 35

COG1020: Non-ribosomal peptide synthetase 
modules and related proteins

s01:352169-347145 477 895 715 385 459

Thiazolinyl imide reductase in siderophore 
biosynthesis gene cluster

s01:353376-352258 42 83 64 44 35

Putative reductoisomerase in siderophore 
biosynthesis gene cluster

s01:354473-353373 43 23 39 24 21

predicted protein s01:35490-35888 5 13 0 4 18

iron aquisition yersiniabactin synthesis enzyme 
(Irp2)

s01:362527-354578 851 1430 1103 474 589

2,3-dihydroxybenzoate-AMP ligase (EC 2.7.7.58) 
of siderophore biosynthesis / Isochorismate 
synthase (EC 5.4.4.2) of siderophore biosynthesis

s01:365552-362571 411 498 491 214 249

TonB-dependent receptor; Outer membrane 
receptor for ferrienterochelin and colicins

s01:371626-369686 186 198 279 111 98

Duplicated ATPase component BL0693 of 
energizing module of predicted ECF transporter

s01:373770-372280 18 38 40 14 26

ABC transporter ATP-binding protein s01:376122-377927 25 88 56 27 36

ABC transporter ATP-binding protein s01:377927-379663 38 140 95 30 82

Tungsten-containing aldehyde:ferredoxin 
oxidoreductase (EC 1.2.7.5)

s01:4098-5825 462 595 599 448 657

N-terminal of elongation factor Ts s01:410283-410726 0 16 8 3 11

Glycyl-tRNA synthetase beta chain (EC 6.1.1.14) s01:414444-416507 28 26 37 20 14

Glutamine synthetase type III, GlnN (EC 6.3.1.2) s01:426391-428484 232 35 54 44 34

Glutamine synthetase, clostridia type (EC 6.3.1.2) s01:429436-431346 77 252 161 97 113

Rubrerythrin s01:431508-432017 27 109 54 60 68

Dissimilatory sulfite reductase (desulfoviridin), 
alpha and beta subunits

s01:432156-432827 19 43 16 38 37

Butyryl-CoA dehydrogenase (EC 1.3.99.2) s01:440323-441456 36 41 51 50 45

Peptide chain release factor 3 s01:446410-448014 5 5 3 17 10
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Threonyl-tRNA synthetase (EC 6.1.1.3) s01:449656-451566 12 23 43 22 16

Translation initiation factor 3 s01:451899-452327 22 17 15 26 36

LSU ribosomal protein L20p s01:452586-452942 5 25 8 37 42

Fructose-bisphosphate aldolase class II (EC 
4.1.2.13)

s01:453162-454010 4 21 0 15 9

RND efflux system, membrane fusion protein 
CmeA

s01:45441-44371 5 5 11 5 6

Phenylalanyl-tRNA synthetase alpha chain (EC 
6.1.1.20)

s01:457427-458449 10 10 4 17 15

Phenylalanyl-tRNA synthetase beta chain (EC 
6.1.1.20)

s01:458546-460975 27 48 37 25 45

Recombination inhibitory protein MutS2 s01:465578-467938 10 6 10 13 11

Multimodular transpeptidase-transglycosylase (EC 
2.4.1.129) (EC 3.4.-.-)

s01:472189-470024 7 13 5 2 2

Tyrosyl-tRNA synthetase (EC 6.1.1.1) s01:472551-473768 12 15 18 16 30

Molybdenum ABC transporter ATP-binding 
protein

s01:478876-479628 3 3 2 12 13

FIG000859: hypothetical protein YebC s01:479795-480535 6 12 7 22 18

5-formyltetrahydrofolate cyclo-ligase (EC 6.3.3.2) s01:489335-489916 9 13 5 10 12

Protein-export membrane protein SecD (TC 
3.A.5.1.1)

s01:490754-491983 17 29 27 29 29

Protein-export membrane protein SecF (TC 
3.A.5.1.1)

s01:491973-492881 2 7 6 11 12

Histidyl-tRNA synthetase (EC 6.1.1.21) s01:503287-504552 15 15 20 25 27

Aspartyl-tRNA synthetase (EC 6.1.1.12) @ 
Aspartyl-tRNA(Asn) synthetase (EC 6.1.1.23)

s01:504552-506402 36 42 74 88 73

Cysteine desulfurase (EC 2.8.1.7) s01:511057-512265 20 26 22 21 27

Iron-sulfur cluster assembly scaffold protein IscU/
NifU-like

s01:512290-512661 10 15 4 15 19

Alanyl-tRNA synthetase (EC 6.1.1.7) s01:516086-518704 59 67 78 86 81

hypothetical protein s01:519785-520126 4 4 1 10 7

Stage 0 sporulation two-component response 
regulator (Spo0A)

s01:547413-548201 2 3 3 11 2

HlyB/MsbA family ABC transporter s01:55294-53552 9 4 34 13 5

Tryptophanyl-tRNA synthetase (EC 6.1.1.2) s01:565869-566846 15 20 12 21 19

HlyB/MsbA family ABC transporter s01:57038-55314 14 14 61 32 9

Fructose-bisphosphate aldolase class II (EC 
4.1.2.13)

s01:586052-585123 18 38 14 21 67

TonB-dependent receptor; Outer membrane 
receptor for ferrienterochelin and colicins

s01:59076-57127 16 7 53 10 2

Duplicated ATPase component BL0693 of 
energizing module of predicted ECF transporter

s01:62286-60802 11 8 24 9 10

Superoxide reductase (EC 1.15.1.2) s01:648503-648895 24 41 21 20 20

Aspartokinase (EC 2.7.2.4) s01:649619-650839 20 36 45 43 40
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Predicted function Genome reference H2CO2 MeOH NO3
- B F

Biosynthetic Aromatic amino acid 
aminotransferase alpha (EC 2.6.1.57) @ Aspartate 
aminotransferase (EC 2.6.1.1)

s01:652327-653574 10 18 11 12 17

Predicted molybdate-responsive regulator YvgK 
in bacilli

s01:654826-653888 7 5 2 8 11

Uridine kinase (EC 2.7.1.48) s01:655952-657613 2 11 11 10 10

Oxaloacetate decarboxylase alpha chain (EC 
4.1.1.3)

s01:659018-657669 3 12 13 6 8

FIG01054622: hypothetical protein s01:664063-665421 15 14 13 24 24

ATP-dependent RNA helicase YfmL s01:666262-667440 10 8 3 11 7

2-keto-3-deoxy-D-arabino-heptulosonate-7-
phosphate synthase I beta (EC 2.5.1.54)

s01:679274-678261 55 73 56 98 72

Molybdenum cofactor biosynthesis protein MoaC s01:682728-683207 6 21 23 12 15

FIG060329: MOSC domain protein s01:683211-683651 2 17 5 9 19

Molybdenum cofactor biosynthesis protein MoaB s01:683644-684132 9 15 7 13 16

2-keto-3-deoxy-D-arabino-heptulosonate-7-
phosphate synthase I beta (EC 2.5.1.54)

s01:687908-688924 23 17 13 14 5

protein of unknown function DUF964 s01:696792-697142 15 0 0 18 4

Metallo-beta-lactamase family protein, RNA-
specific

s01:698280-699893 22 34 28 32 22

GTP-binding protein TypA/BipA s01:716386-718191 2 4 9 50 16

DNA polymerase III alpha subunit (EC 2.7.7.7) s01:742733-746158 2 0 0 2 10

Electron transfer flavoprotein, beta subunit s01:746943-747728 1 11 7 19 9

Electron transfer flavoprotein, alpha subunit s01:747748-748947 5 6 8 14 10

iron-sulfur flavoprotein s01:750483-751142 8 86 24 3 5

Anthranilate phosphoribosyltransferase (EC 
2.4.2.18)

s01:754359-755399 3 6 1 12 0

Tryptophan synthase alpha chain (EC 4.2.1.20) s01:757971-758762 8 8 7 12 7

Anthranilate synthase, aminase component (EC 
4.1.3.27)

s01:758759-760255 4 18 9 21 2

Pyruvate kinase (EC 2.7.1.40) s01:768932-770686 12 32 19 20 19

hypothetical protein s01:774538-774876 6 1 0 10 3

hypothetical protein s01:780321-780773 6 8 3 5 17

DNA polymerase I (EC 2.7.7.7) s01:785663-788305 22 30 29 44 30

5-Enolpyruvylshikimate-3-phosphate synthase (EC 
2.5.1.19)

s01:802788-804086 27 28 29 27 19

SSU ribosomal protein S1p s01:810074-812035 10 16 14 5 12

Homoserine dehydrogenase (EC 1.1.1.3) s01:822106-823398 16 13 18 14 15

Glutamine ABC transporter, periplasmic 
glutamine-binding protein (TC 3.A.1.3.2)

s01:826819-827607 5 16 7 14 5

hypothetical protein s01:843042-843881 37 50 36 36 53

Oligopeptide ABC transporter, periplasmic 
oligopeptide-binding protein OppA (TC 3.A.1.5.1)

s01:874737-873184 4 11 11 0 17
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Outer membrane vitamin B12 receptor BtuB s01:886734-884845 0 16 23 11 0

Outer membrane vitamin B12 receptor BtuB s01:909313-904670 0 29 5 3 1

Outer membrane vitamin B12 receptor BtuB s01:921024-918184 0 48 22 5 0

Ferric siderophore transport system, periplasmic 
binding protein TonB

s01:924416-923709 13 22 17 2 7

Biopolymer transport protein ExbD/TolR s01:924832-924422 7 12 4 12 5

hypothetical protein s01:927794-925785 2 44 31 10 0

TonB-dependent receptor; Outer membrane 
receptor for ferrienterochelin and colicins

s01:929903-927891 0 22 15 0 0

Cobalt-precorrin-8x methylmutase (EC 5.4.1.2) s01:930584-929952 0 13 1 0 0

TonB-dependent receptor; Outer membrane 
receptor for ferrienterochelin and colicins

s01:934273-932318 0 8 10 1 0

hypothetical protein s01:959043-957784 0 11 6 2 0

Outer membrane vitamin B12 receptor BtuB s01:962159-959148 0 31 23 8 0

hypothetical protein s01:965907-964606 7 125 54 10 1

TonB-dependent receptor plug s01:971196-966076 0 115 89 18 0

ABC-type nitrate/sulfonate/bicarbonate transport 
systems, periplasmic components

s02:1002093-1000972 2 2 3 15 1

ABC-type nitrate/sulfonate/bicarbonate transport 
systems, periplasmic components

s02:1004113-1003016 0 1 1 16 0

Benzoyl-CoA reductase subunit BadG (EC 
1.3.99.15)

s02:1014393-1013563 0 0 0 13 0

hypothetical protein s02:1015554-1014397 0 2 3 42 5

Hypothetical protein Cj1505c s02:1017549-1016959 0 0 0 12 1

Methylcobalamin:coenzyme M methyltransferase, 
methanol-specific

s02:1020874-1019798 0 0 0 18 0

ABC-type nitrate/sulfonate/bicarbonate transport 
systems, periplasmic components

s02:1022997-1021921 0 0 0 25 0

5-methyltetrahydrofolate--homocysteine 
methyltransferase (EC 2.1.1.13)

s02:1024844-1024197 0 1 0 229 11

Trimethylamine methyltransferase family protein s02:1026315-1024885 2 0 3 701 24

Tetrahydromethanopterin S-methyltransferase 
subunit H (EC 2.1.1.86) homolog

s02:1027341-1026421 3 8 4 539 11

Arginine utilization regulatory protein RocR s02:1028194-1029642 7 14 15 5 16

Urea ABC transporter, urea binding protein s02:109652-108405 24 0 0 0 14

Molybdopterin converting factor, large subunit s02:140854-140444 2 8 2 8 15

Gluconate permease s02:146600-145200 0 16 20 10 2

Altronate dehydratase (EC 4.2.1.7) s02:147937-146777 11 7 13 14 3

FIG00675759: hypothetical protein s02:153267-151990 10 5 4 8 5

3'-to-5' exoribonuclease RNase R s02:162689-160416 8 24 32 21 23

Pyrophosphate-energized proton pump (EC 
3.6.1.1)

s02:166773-164767 31 71 85 65 81

Enolase (EC 4.2.1.11) s02:168899-167613 40 53 88 84 85
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Predicted function Genome reference H2CO2 MeOH NO3
- B F

Triosephosphate isomerase (EC 5.3.1.1) s02:171258-170506 7 12 11 10 12

Phosphoglycerate kinase (EC 2.7.2.3) s02:172467-171280 13 9 10 16 25

Predicted L-lactate dehydrogenase, Fe-S 
oxidoreductase subunit YkgE / Predicted L-lactate 
dehydrogenase, Iron-sulfur cluster-binding subunit 
YkgF

s02:17299-15131 1 38 0 51 12

NAD-dependent glyceraldehyde-3-phosphate 
dehydrogenase (EC 1.2.1.12)

s02:173554-172547 64 75 97 77 121

Predicted L-lactate dehydrogenase, hypothetical 
protein subunit YkgG

s02:17911-17303 1 2 1 15 7

L-lactate permease s02:18244-19872 0 4 0 27 19

Cof-like hydrolase s02:189277-188480 0 6 2 10 6

Excinuclease ABC subunit A s02:196626-193789 23 8 16 16 15

Carboxyl-terminal protease (EC 3.4.21.102) s02:201808-200672 3 2 4 12 4

Transketolase, C-terminal section (EC 2.2.1.1) s02:206696-205749 25 37 14 35 54

Transketolase, N-terminal section (EC 2.2.1.1) s02:207771-206929 3 17 12 24 24

FIG01165608: hypothetical protein s02:211803-209734 2 0 11 5 7

Protein export cytoplasm protein SecA ATPase 
RNA helicase (TC 3.A.5.1.1)

s02:216305-213720 53 52 64 72 113

Formate dehydrogenase -O, gamma subunit (EC 
1.2.1.2)

s02:217248-216550 1 5 5 11 11

Periplasmic [Fe] hydrogenase small subunit (EC 
1.12.7.2)

s02:217572-217261 10 8 3 9 10

Periplasmic [Fe] hydrogenase large subunit (EC 
1.12.7.2)

s02:218844-217585 103 148 108 74 141

Ribosomal subunit interface protein s02:219946-219407 22 42 24 37 48

Cold shock protein CspA s02:220533-220333 9 7 7 12 9

Glutamine transport ATP-binding protein GlnQ 
(TC 3.A.1.3.2)

s02:221338-220619 3 12 7 10 12

Glutamine ABC transporter, periplasmic 
glutamine-binding protein (TC 3.A.1.3.2)

s02:222908-222123 66 67 63 56 69

hypothetical protein s02:223408-223112 24 24 4 20 23

hypothetical protein s02:223877-224335 1 17 21 6 12

Flagellin protein FlaA s02:248965-247733 225 27 37 32 32

flagellar protein s02:258125-257724 6 10 5 3 13

Glucose-6-phosphate isomerase (EC 5.3.1.9) s02:269057-267618 2 6 9 9 10

UTP--glucose-1-phosphate uridylyltransferase (EC 
2.7.7.9)

s02:269994-269080 9 42 15 23 24

Phosphomannomutase (EC 5.4.2.8) s02:271378-270017 21 22 27 27 32

hypothetical protein s02:273620-272817 2 16 4 6 7

UDP-glucose dehydrogenase (EC 1.1.1.22) s02:283454-282138 7 10 9 8 11

Capsule assembly protein s02:285136-283595 57 53 79 41 51

[Citrate [pro-3S]-lyase] ligase (EC 6.2.1.22) s02:313942-312386 1 11 11 8 9
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dTDP-glucose 4,6-dehydratase (EC 4.2.1.46) s02:322930-321848 2 4 7 11 8

Glucose-1-phosphate cytidylyltransferase (EC 
2.7.7.33)

s02:323728-322952 1 12 3 21 13

UDP-glucose 4-epimerase (EC 5.1.3.2) s02:328581-327601 0 12 12 0 0

Tyrosine-protein kinase transmembrane 
modulator EpsC

s02:334025-332565 1 2 14 6 5

Xaa-Pro aminopeptidase (EC 3.4.11.9) s02:33973-32792 2 8 10 7 10

Glycosyltransferase s02:342904-341807 8 11 13 10 16

hypothetical protein s02:351578-350649 4 23 6 8 18

S-layer domain protein domain protein s02:352959-351700 943 1243 1179 1273 1575

S-layer domain protein domain protein s02:354555-353281 929 1104 1307 928 958

S-layer domain protein domain protein s02:356218-354938 312 317 340 342 387

2-Keto-3-deoxy-D-manno-octulosonate-8-
phosphate synthase (EC 2.5.1.55)

s02:366394-365570 3 25 3 12 6

Lipid A export ATP-binding/permease protein 
MsbA

s02:371408-369684 0 3 2 5 10

general stress protein, putative s02:37449-37150 28 40 9 33 37

Outer membrane protein H precursor s02:382670-382251 24 47 17 42 48

outer membrane chaperone Skp (OmpH) s02:384311-383790 10 24 15 8 39

Outer membrane protein/protective antigen 
OMA87

s02:387417-385696 37 38 54 52 44

Protein of unknown function DUF490 s02:393156-388825 21 21 20 32 15

Outer membrane protein s02:394667-393312 46 45 38 38 39

FIG01197338: hypothetical protein s02:399685-397883 19 14 7 19 12

MreB-like protein (Mbl protein) s02:407392-406364 28 31 30 43 47

ATP synthase epsilon chain (EC 3.6.3.14) s02:411971-411558 9 44 25 26 33

Rubrerythrin s02:4122-3580 5 5 5 6 13

ATP synthase beta chain (EC 3.6.3.14) s02:413384-411975 341 494 549 378 441

ATP synthase gamma chain (EC 3.6.3.14) s02:414268-413417 38 71 30 35 39

ATP synthase alpha chain (EC 3.6.3.14) s02:415798-414275 136 163 165 124 170

ATP synthase delta chain (EC 3.6.3.14) s02:416435-415881 16 33 26 27 28

ATP synthase F0 sector subunit b s02:416932-416429 29 114 61 59 87

UDP-N-acetylglucosamine 2-epimerase (EC 
5.1.3.14)

s02:420025-418859 14 12 8 13 23

Uracil phosphoribosyltransferase (EC 2.4.2.9) s02:423147-422521 8 8 6 22 13

Serine hydroxymethyltransferase (EC 2.1.2.1) s02:424402-423167 21 15 14 16 25

Ribose 5-phosphate isomerase B (EC 5.3.1.6) s02:425452-425009 8 10 4 16 19

LSU ribosomal protein L31p @ LSU ribosomal 
protein L31p, zinc-dependent

s02:430946-430737 7 11 1 20 14

Zn-dependent peptidase, insulinase family s02:441965-439032 50 59 57 57 38

Amino acid ABC transporter, amino acid-binding 
protein

s02:454960-454196 24 52 17 44 60

Peptidyl-prolyl cis-trans isomerase (EC 5.2.1.8) s02:457495-456881 10 9 9 11 9
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Putative metal chaperone, involved in Zn 
homeostasis, GTPase of COG0523 family

s02:47458-46865 0 20 17 0 3

Radical SAM domain heme biosynthesis protein s02:479113-477935 6 9 3 18 9

5-methyltetrahydrofolate-homocysteine 
methyltransferase (EC 2.1.1.13)

s02:48497-47700 5 317 110 0 2

Methyl-accepting chemotaxis protein s02:485682-487370 18 10 13 11 12

Nitrogen regulatory protein P-II s02:491329-490991 11 6 2 4 5

YadA-like Haemagluttinin s02:492939-491689 84 184 166 77 59

Methanol:corrinoid methyltransferase s02:49951-48572 49 996 848 21 26

Corrinoid methyltransferase protein s02:50613-49981 35 631 527 9 20

TRAP-type C4-dicarboxylate transport system, 
periplasmic component

s02:506988-505948 8 6 4 10 12

UPF0251 protein CTC-01373 s02:516229-515843 0 2 2 13 3

Methyl-accepting chemotaxis protein s02:537971-540001 6 9 10 4 6

Methyl-accepting chemotaxis protein s02:542361-544403 8 9 10 6 8

probable electron transfer protein s02:54730-52898 37 122 106 55 75

Methyl-accepting chemotaxis protein s02:548036-549727 10 14 18 6 15

Rubrerythrin s02:556070-556654 28 61 33 61 57

GTP-sensing transcriptional pleiotropic repressor 
codY

s02:56452-55673 4 49 11 36 38

Uncharacterized protein aq-372 s02:569060-567645 6 10 4 4 3

Phosphate ABC transporter, periplasmic 
phosphate-binding protein PstS (TC 3.A.1.7.1)

s02:576083-575184 35 56 20 63 33

Pyridoxine biosynthesis glutamine 
amidotransferase, synthase subunit (EC 2.4.2.-)

s02:580088-580966 15 20 32 23 18

Methyl-accepting chemotaxis protein s02:585177-586235 33 91 56 56 113

Ribonuclease J2 (endoribonuclease in RNA 
processing)

s02:590734-589073 13 19 30 19 29

Glutamate synthase [NADPH] large chain (EC 
1.4.1.13)

s02:600207-598576 36 167 179 62 90

Nicotinate-nucleotide--dimethylbenzimidazole 
phosphoribosyltransferase (EC 2.4.2.21)

s02:603570-602518 3 66 28 89 1

Nicotinate-nucleotide--dimethylbenzimidazole 
phosphoribosyltransferase (EC 2.4.2.21)

s02:604762-603563 3 43 29 60 2

Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1)

s02:606224-605010 76 61 93 82 81

Tricarboxylate transport protein TctC s02:607578-606601 16 18 24 21 2

Tricarboxylate transport protein TctC s02:608760-607735 14 15 22 19 2

Anti-sigma F factor antagonist (spoIIAA-2); Anti-
sigma B factor antagonist RsbV

s02:625005-624679 18 14 6 30 19

TonB-dependent receptor; Outer membrane 
receptor for ferrienterochelin and colicins

s02:626674-628617 0 3 14 0 0

Outer membrane vitamin B12 receptor BtuB s02:630139-632250 6 13 23 0 2
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ABC-type probable sulfate transporter, 
periplasmic binding protein

s02:641948-640992 10 28 6 17 18

Acetylornithine aminotransferase (EC 2.6.1.11) s02:660887-659685 2 2 14 0 0

Myosin heavy chain s02:667244-667765 3 14 13 3 3

Zinc finger domain s02:6885-7199 16 11 6 21 30

Anaerobic dehydrogenases, typically 
selenocysteine-containing

s02:707446-705302 0 0 0 11 0

Acetolactate synthase small subunit (EC 2.2.1.6) s02:728450-727953 8 21 33 20 29

Acetolactate synthase large subunit (EC 2.2.1.6) s02:730147-728450 33 73 43 59 45

Molybdenum ABC transporter, periplasmic 
molybdenum-binding protein ModA (TC 
3.A.1.8.1)

s02:733280-732468 24 69 44 21 49

DUF124 domain-containing protein s02:737066-737908 12 33 17 31 24

Carboxynorspermidine dehydrogenase, putative 
(EC 1.1.1.-)

s02:740982-739732 4 10 4 5 14

Thiazole biosynthesis protein ThiG s02:749564-748797 9 36 19 26 21

Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1)

s02:757341-756208 43 63 63 53 17

Creatinine amidohydrolase (EC 3.5.2.10) s02:758164-757394 2 14 0 5 3

sporulation kinase s02:759676-758282 4 11 17 12 4

Multimeric flavodoxin WrbA family protein s02:778105-777476 5 31 12 18 20

Rubrerythrin s02:801617-802165 40 41 41 43 65

4-hydroxy-tetrahydrodipicolinate synthase (EC 
4.3.3.7)

s02:805984-805103 17 38 25 29 34

Methyl-accepting chemotaxis protein s02:812535-811060 16 34 28 27 33

Hydroxyethylthiazole kinase (EC 2.7.1.50) s02:819543-818731 6 17 4 15 14

Adenylosuccinate lyase (EC 4.3.2.2) s02:843336-844694 8 16 20 12 14

Serine protease, DegP/HtrA, do-like (EC 3.4.21.-) s02:863004-861883 14 17 18 8 12

Dipeptide-binding ABC transporter, periplasmic 
substrate-binding component (TC 3.A.1.5.2)

s02:86502-84886 14 13 19 14 12

Deoxyribose-phosphate aldolase (EC 4.1.2.4) s02:869887-869219 22 13 4 16 17

Ferric uptake regulation protein FUR s02:870403-869972 0 6 2 1 11

Transcription accessory protein (S1 RNA-binding 
domain)

s02:876478-878652 8 9 10 2 5

Glutamate-1-semialdehyde aminotransferase (EC 
5.4.3.8)

s02:886921-885608 9 10 13 7 18

Porphobilinogen synthase (EC 4.2.1.24) s02:887909-886944 18 12 2 6 14

Uroporphyrinogen-III methyltransferase (EC 
2.1.1.107) / Uroporphyrinogen-III synthase (EC 
4.2.1.75)

s02:889429-887912 10 21 20 24 26

Aspartate aminotransferase (EC 2.6.1.1) s02:901987-900815 5 3 2 13 9

Urea carboxylase-related ABC transporter, 
periplasmic substrate-binding protein

s02:904695-903682 23 23 18 28 37

NAD-dependent formate dehydrogenase alpha s02:917157-914470 24 22 15 19 16



Supplementary data

174

Predicted function Genome reference H2CO2 MeOH NO3
- B F

Methyl-accepting chemotaxis protein s02:946776-944728 7 11 10 16 7

Periplasmic [Fe] hydrogenase large subunit (EC 
1.12.7.2)

s02:950720-948975 6 5 5 24 11

NAD-dependent formate dehydrogenase beta 
subunit

s02:952024-950723 0 0 0 18 0

Betaine reductase component B beta subunit (EC 
1.21.4.4) @ selenocysteine-containing

s02:955063-953744 20 97 34 634 33

Betaine reductase component B alpha subunit (EC 
1.21.4.4)

s02:956398-955076 29 95 41 749 46

Glycine/sarcosine/betaine reductase component 
C chain 2

s02:959004-957838 5 17 4 218 18

Glycine/sarcosine/betaine reductase component 
C chain 1

s02:960547-959009 21 85 48 612 46

Glycine/sarcosine/betaine reductase protein A @ 
selenocysteine-containing

s02:961292-960882 4 4 3 18 0

Selenocysteine-specific translation elongation 
factor

s02:964433-962559 0 0 0 15 0

Selenide,water dikinase (EC 2.7.9.3) @ 
selenocysteine-containing

s02:965472-964441 0 0 0 10 0

Glycine/sarcosine/betaine reductase component 
C chain 2

s02:969321-968155 1 3 9 67 5

Glycine/sarcosine/betaine reductase component 
C chain 1

s02:970864-969326 6 24 37 291 12

Glycine/sarcosine/betaine reductase protein A @ 
selenocysteine-containing

s02:971558-971070 4 2 3 20 0

Thioredoxin s02:971933-971616 7 2 0 64 2

Thioredoxin reductase (EC 1.8.1.9) s02:972899-971970 1 5 1 92 0

FIG042921: similarity to aminoacyl-tRNA editing 
enzymes YbaK, ProX

s02:976015-975497 0 0 3 25 1

N-methylhydantoinase (ATP-hydrolyzing) (EC 
3.5.2.14)

s02:978241-976232 0 0 6 130 3

Trimethylamine:corrinoid methyltransferase @ 
pyrrolysine-containing

s02:979643-978258 32 0 78 505 11

Trimethylamine:corrinoid methyltransferase @ 
pyrrolysine-containing

s02:981223-979757 37 7 108 474 25

5-methyltetrahydrofolate--homocysteine 
methyltransferase (EC 2.1.1.13)

s02:981887-981255 13 2 44 239 4

Glycine reductase component B gamma subunit 
(EC 1.21.4.2) @ selenocysteine-containing

s02:983278-981968 12 0 48 337 13

Glycine reductase component B beta subunit (EC 
1.21.4.2) / Glycine reductase component B alpha 
subunit (EC 1.21.4.2)

s02:984589-983303 5 0 11 105 0

5-methyltetrahydrofolate--homocysteine 
methyltransferase (EC 2.1.1.13)

s02:987110-986313 5 0 3 160 4
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Methyl-accepting chemotaxis protein s02:991410-989347 56 116 112 52 37

Signal transduction histidine kinase CheA (EC 
2.7.3.-)

s03:105473-102753 3 6 10 6 4

Methyl-accepting chemotaxis protein s03:107711-105504 16 13 30 12 9

Acetolactate synthase large subunit (EC 2.2.1.6) s03:114332-112662 3 14 17 15 13

3-isopropylmalate dehydrogenase (EC 1.1.1.85) s03:115417-114344 11 16 11 19 22

3-isopropylmalate dehydratase large subunit (EC 
4.2.1.33)

s03:117252-115987 2 8 10 20 15

2-isopropylmalate synthase (EC 2.3.3.13) s03:118801-117245 4 12 22 10 14

Ketol-acid reductoisomerase (EC 1.1.1.86) s03:119826-118834 50 58 46 89 95

Amino acid-binding ACT s03:121415-120963 2 13 2 8 15

Phenylacetate-coenzyme A ligase (EC 6.2.1.30) s03:122750-121446 16 6 13 16 23

FIG000557: hypothetical protein co-occurring 
with RecR

s03:127014-126688 24 15 13 23 15

Ferrous iron transport protein B s03:134585-132210 190 362 418 255 285

Methyl-accepting chemotaxis protein s03:154427-155485 59 172 115 123 212

Positive regulator of CheA protein activity 
(CheW)

s03:155512-156000 2 27 22 8 31

hypothetical protein s03:175119-175535 2 7 0 5 11

NADPH-dependent FMN reductase s03:193021-193575 11 19 9 8 11

Nitrogen regulatory protein P-II s03:19681-19355 10 0 0 0 1

hypothetical protein s03:215434-214682 4 6 3 12 4

FIG00241420: hypothetical protein s03:233266-235380 24 30 46 32 41

Outer membrane vitamin B12 receptor BtuB s03:258598-256649 12 10 27 0 1

Zinc ABC transporter, periplasmic-binding protein 
ZnuA

s03:271223-272146 77 107 60 88 40

NAD-dependent 4-hydroxybutyrate 
dehydrogenase (EC 1.1.1.61)

s03:283278-282160 5 7 10 7 8

RND efflux system, inner membrane transporter 
CmeB

s03:31039-27905 12 22 20 24 23

hypothetical protein s03:312500-310503 6 4 13 0 3

RND efflux system, membrane fusion protein 
CmeA

s03:32188-31052 15 27 21 19 32

Single-stranded DNA-binding protein s03:349362-348967 9 10 10 13 21

two component transcriptional regulator, Fis 
family

s03:374725-372812 12 4 9 13 5

Methyl-accepting chemotaxis protein s03:376738-374942 27 33 51 39 22

Indolepyruvate oxidoreductase subunit IorB (EC 
1.2.7.8)

s03:387822-387253 12 22 17 18 22

Indolepyruvate oxidoreductase subunit IorA (EC 
1.2.7.8)

s03:389603-387822 66 63 54 61 103

Lead, cadmium, zinc and mercury transporting 
ATPase (EC 3.6.3.3) (EC 3.6.3.5); Copper-
translocating P-type ATPase (EC 3.6.3.4)

s03:390679-393411 0 0 1 4 12
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Pyruvate-flavodoxin oxidoreductase (EC 1.2.7.-) s03:397688-394182 147 263 134 196 147

Threonine dehydratase (EC 4.3.1.19) s03:398976-397768 8 14 8 8 4

TRAP transporter solute receptor, unknown 
substrate 1

s03:40267-39299 150 154 109 114 127

Bipolar DNA helicase HerA s03:450319-448067 9 23 10 3 2

FIG036446: hypothetical protein s03:451710-450316 5 14 13 4 6

Nitrogen regulatory protein P-II s03:50524-50895 67 43 22 25 67

Ferrous iron transport protein B s03:52959-51112 3 1 4 11 5

Cobalt-precorrin-2 C20-methyltransferase (EC 
2.1.1.130)

s03:56963-56241 1 10 6 8 6

Seryl-tRNA synthetase (EC 6.1.1.11) s03:68813-67545 17 13 17 11 30

Uracil-DNA glycosylase, family 4 s03:69290-69961 0 4 8 11 6

Nucleoside-diphosphate-sugar epimerases s03:71895-70888 17 26 14 22 18

TPR domain protein, putative component of TonB 
system

s03:72986-71910 30 31 15 25 31

Phosphoserine aminotransferase (EC 2.6.1.52) s03:74395-73298 14 8 6 6 8

Mll1230 protein s03:82561-81161 0 0 0 11 0

Phosphoenolpyruvate-protein phosphotransferase 
of PTS system (EC 2.7.3.9)

s03:92519-90783 11 24 33 25 262

PTS system, fructose-specific IIA component s03:93272-92820 1 7 1 4 28

PTS system, fructose-specific IIB component 
(EC 2.7.1.69) / PTS system, fructose-specific IIC 
component (EC 2.7.1.69)

s03:94704-93331 2 6 2 1 24

1-phosphofructokinase (EC 2.7.1.56) s03:95679-94741 0 0 0 0 9

Transcriptional repressor of the fructose operon, 
DeoR family

s03:96462-95692 0 1 0 0 16

hypothetical protein s04:107497-106766 8 23 8 15 44

Molybdenum ABC transporter, periplasmic 
molybdenum-binding protein ModA (TC 
3.A.1.8.1)

s04:108246-109037 4 14 3 4 11

NADP-dependent malic enzyme (EC 1.1.1.40) s04:11423-12652 30 17 19 25 6

Conserved protein s04:116925-117278 45 14 13 34 35

Fumarate hydratase class I, aerobic (EC 4.2.1.2); 
L(+)-tartrate dehydratase alpha subunit (EC 
4.2.1.32)

s04:12666-13511 26 47 23 34 15

hypothetical protein s04:135080-136132 17 23 27 32 19

Fumarate hydratase class I, aerobic (EC 4.2.1.2); 
L(+)-tartrate dehydratase beta subunit (EC 
4.2.1.32)

s04:13525-14088 15 19 9 12 6

Probable non-ribosomal peptide synthetase s04:136162-138246 7 15 13 0 1

Flavodoxin s04:139586-140014 36 24 34 32 27

S-layer protein, putative s04:171778-173058 251 321 311 247 311

Methylaspartate mutase, S subunit (EC 5.4.99.1) s04:1750-2160 9 21 9 12 3
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DNA topoisomerase III (EC 5.99.1.2) s04:179137-181326 3 4 3 2 15

2-(5''-triphosphoribosyl)-3'-
dephosphocoenzyme-A synthase (EC 2.7.8.25)

s04:183957-185357 0 2 12 6 1

ABC transporter ATP-binding protein uup s04:185409-187028 3 3 6 16 11

Pyridine nucleotide-disulfide oxidoreductase; 
NADH dehydrogenase (EC 1.6.99.3)

s04:196598-198280 9 20 14 14 22

Cytosolic Fe-S cluster assembling factor NBP35 s04:203848-202634 63 55 34 80 97

Uncharacterized protein MJ0282 s04:207242-207631 1 49 8 13 25

Molybdenum ABC transporter ATP-binding 
protein

s04:207938-208690 4 11 5 15 9

METHYLASPARTATE MUTASE (EC 5.4.99.1) s04:2176-3558 2 27 15 11 0

Iron-sulfur cluster assembly ATPase protein SufC s04:220622-221389 3 13 5 16 25

Iron-sulfur cluster assembly protein SufB s04:221386-222615 26 27 26 32 47

Cell division trigger factor (EC 5.2.1.8) s04:225901-227190 56 120 126 186 187

ATP-dependent Clp protease proteolytic subunit 
(EC 3.4.21.92)

s04:227215-227820 15 24 29 31 28

ATP-dependent Clp protease ATP-binding subunit 
ClpX

s04:227833-229095 5 17 26 19 41

ATP-dependent protease La (EC 3.4.21.53) Type I s04:231074-233392 32 135 94 118 121

UbiD family decarboxylase associated with 
menaquinone via futalosine

s04:241281-242741 2 4 3 4 14

Methenyltetrahydrofolate cyclohydrolase (EC 
3.5.4.9)

s04:243851-244483 102 118 41 51 86

Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1)

s04:24439-25563 18 9 14 10 11

Methylenetetrahydrofolate dehydrogenase 
(NADP+) (EC 1.5.1.5)

s04:244496-245359 79 128 40 67 100

CO dehydrogenase accessory protein CooC 
(nickel insertion)

s04:246171-246959 1 16 3 8 13

Formate--tetrahydrofolate ligase (EC 6.3.4.3) s04:246990-248750 2053 1769 971 944 1337

Carbon monoxide dehydrogenase CooS subunit 
(EC 1.2.99.2)

s04:248953-250890 718 619 232 278 353

CO dehydrogenase/acetyl-CoA synthase, acetyl-
CoA synthase subunit (EC 2.3.1.169)

s04:250966-253092 564 713 252 226 307

Acetyl-CoA synthase corrinoid iron-sulfur 
protein, large subunit

s04:253218-254561 673 779 635 476 819

Acetyl-CoA synthase corrinoid activation protein s04:254634-256604 130 153 77 50 71

CO dehydrogenase accessory protein CooC 
(nickel insertion)

s04:256651-257406 28 57 10 43 77

Acetyl-CoA synthase corrinoid iron-sulfur 
protein, small subunit

s04:257428-258396 312 284 173 208 323

5-methyltetrahydrofolate:corrinoid iron-sulfur 
protein methyltransferase

s04:258478-259269 170 196 94 139 209

CoB--CoM heterodisulfide reductase subunit C 
(EC 1.8.98.1)

s04:259305-259895 30 38 31 14 42
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CoB--CoM heterodisulfide reductase subunit B 
(EC 1.8.98.1)

s04:259892-260755 59 59 19 26 40

heterodisulfide reductase, subunit A/
methylviologen reducing hydrogenase, subunit 
delta

s04:260877-263705 291 312 181 116 210

CoB--CoM-reducing hydrogenase (Sec) delta 
subunit @ selenocysteine-containing

s04:263708-264115 36 36 6 21 38

Zinc-finger protein s04:264137-264805 64 81 46 34 76

5,10-methylenetetrahydrofolate reductase (EC 
1.5.1.20)

s04:264802-265755 112 120 53 63 107

NAD-dependent formate dehydrogenase gamma 
subunit

s04:265929-266465 35 36 40 24 52

NAD-reducing hydrogenase subunit HoxF (EC 
1.12.1.2)

s04:266455-268209 235 224 186 148 275

Formate dehydrogenase-O, major subunit (EC 
1.2.1.2)

s04:268226-271744 756 751 574 501 749

NAD-dependent formate dehydrogenase alpha 
subunit @ selenocysteine-containing

s04:280505-277827 489 508 366 270 555

Valyl-tRNA synthetase (EC 6.1.1.9) s04:281018-283678 17 16 21 29 28

Dihydrofolate synthase (EC 6.3.2.12) @ 
Folylpolyglutamate synthase (EC 6.3.2.17)

s04:283715-284998 10 11 9 9 17

NADH-ubiquinone oxidoreductase chain E (EC 
1.6.5.3)

s04:289988-290497 4 39 23 16 66

NADP-reducing hydrogenase, subunit B s04:291058-291423 36 37 7 34 105

NAD-reducing hydrogenase subunit HoxF (EC 
1.12.1.2)

s04:291452-293242 374 500 317 265 780

Periplasmic [Fe] hydrogenase large subunit (EC 
1.12.7.2)

s04:293308-295035 218 242 156 119 504

Methylmalonyl-CoA mutase (EC 5.4.99.2) s04:296327-297982 33 50 44 53 48

B12 binding domain of Methylmalonyl-CoA 
mutase (EC 5.4.99.2)

s04:298000-298395 15 4 0 27 11

Methylmalonyl-CoA epimerase (EC 5.1.99.1) s04:299476-299919 1 22 8 17 17

Acetyl-coenzyme A carboxyl transferase alpha 
chain (EC 6.4.1.2) / Acetyl-coenzyme A carboxyl 
transferase beta chain (EC 6.4.1.2); Propionyl-CoA 
carboxylase beta chain (EC 6.4.1.3)

s04:299947-301476 24 39 25 54 52

Biotin carboxyl carrier protein of oxaloacetate 
decarboxylase; Biotin carboxyl carrier protein

s04:301832-302227 6 25 15 22 22

Sigma factor RpoE regulatory protein RseC s04:302995-303414 10 8 1 8 4

Electron transport complex protein RnfC s04:303464-304789 103 166 117 69 134

Electron transport complex protein RnfD s04:304802-305776 2 29 6 17 16

Electron transport complex protein RnfG s04:305783-306352 20 32 20 15 30

Electron transport complex protein RnfE s04:306364-307032 9 20 12 13 18

Electron transport complex protein RnfB s04:307638-308492 55 97 72 48 69
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Rod shape-determining protein MreB s04:311288-312322 27 25 22 21 43

CO dehydrogenase/acetyl-CoA synthase, acetyl-
CoA synthase subunit (EC 2.3.1.169)

s04:31610-32719 246 270 99 99 117

Septum site-determining protein MinD s04:316515-317306 2 28 11 31 32

Cell division topological specificity factor MinE s04:317333-317608 6 6 4 10 7

LSU ribosomal protein L21p s04:325212-325523 13 13 4 18 25

LSU ribosomal protein L27p s04:325861-326169 19 8 4 29 24

Gamma-glutamyl phosphate reductase (EC 
1.2.1.41)

s04:329537-330793 14 13 18 11 14

Ribosomal silencing factor RsfA (former Iojap) s04:333855-334208 10 7 8 15 15

Carbon monoxide oxidation accessory protein 
CoxE

s04:343108-344484 10 8 10 13 12

Methyl-accepting chemotaxis protein s04:34486-36183 48 137 134 90 110

Methylaspartate mutase, E subunit (EC 5.4.99.1) s04:3581-5032 104 291 137 111 17

Endoribonuclease L-PSP s04:359633-360013 5 4 0 15 8

Tungsten-containing aldehyde:ferredoxin 
oxidoreductase (EC 1.2.7.5)

s04:36804-38519 948 929 898 774 917

Leucyl-tRNA synthetase (EC 6.1.1.4) s04:373060-375540 53 50 53 72 63

Thioredoxin s04:375577-375894 10 1 0 8 7

Radical SAM domain heme biosynthesis protein s04:377668-378660 4 12 0 10 9

Uptake hydrogenase small subunit precursor (EC 
1.12.99.6)

s04:378765-379895 11 42 17 18 27

Uptake hydrogenase large subunit (EC 1.12.99.6) s04:379918-381810 70 94 93 72 75

Ni,Fe-hydrogenase I cytochrome b subunit s04:381830-382552 2 19 13 7 13

Sulfur carrier protein adenylyltransferase ThiF s04:38599-40029 18 16 19 11 14

hypothetical protein BVU-3741 s04:399144-402872 21 34 29 23 23

Tungsten-containing aldehyde:ferredoxin 
oxidoreductase (EC 1.2.7.5)

s04:41740-43479 1028 1004 968 845 995

Tungsten-containing aldehyde:ferredoxin 
oxidoreductase (EC 1.2.7.5)

s04:43576-43947 121 96 139 100 134

Alcohol dehydrogenase (EC 1.1.1.1) s04:46856-48016 834 270 734 538 1025

Molybdopterin biosynthesis protein MoeA / 
Periplasmic molybdate-binding domain

s04:49967-51907 13 5 13 7 18

Methylaspartate ammonia-lyase (EC 4.3.1.2) s04:5139-6383 66 140 75 109 17

L-lactate permease s04:71947-70292 33 22 20 19 6

Glycolate dehydrogenase (EC 1.1.99.14), subunit 
GlcD

s04:73372-74754 189 159 78 160 19

Glycolate dehydrogenase (EC 1.1.99.14), iron-
sulfur subunit GlcF

s04:74757-76067 99 91 47 78 13

Citrate lyase beta chain (EC 4.1.3.6) s04:7696-8574 33 68 29 28 5

Pyruvate-flavodoxin oxidoreductase (EC 1.2.7.-) s04:77617-81120 733 1191 656 839 523

Alanine dehydrogenase (EC 1.4.1.1) s04:83184-84299 860 1465 1034 417 433

D-serine/D-alanine/glycine transporter s04:84414-85811 17 49 20 9 3
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Citrate lyase alpha chain (EC 4.1.3.6) s04:8567-10114 20 37 27 11 2

flotillin 1 s05:113675-115177 15 37 32 36 18

L,L-diaminopimelate aminotransferase (EC 
2.6.1.83)

s05:11452-12684 29 49 47 79 51

Vitamin B12 ABC transporter, B12-binding 
component BtuF

s05:124108-125160 8 10 5 0 6

ABC transporter, ATP-binding protein s05:126930-127493 0 3 11 0 0

Flavodoxin s05:127991-128512 51 64 61 26 46

Radical SAM family protein HutW, similar 
to coproporphyrinogen III oxidase, oxygen-
independent, associated with heme uptake

s05:128509-129939 16 23 51 6 21

TonB-dependent receptor; Outer membrane 
receptor for ferrienterochelin and colicins

s05:131194-133122 133 126 353 48 9

conserved hypothetical protein s05:141438-140935 13 18 17 15 20

Nitrogen regulatory protein P-II s05:143355-142990 24 1 0 0 8

Dimethylamine:corrinoid methyltransferase; 
pyrrolysine-containing

s05:146411-145011 15 0 0 0 4

5-methyltetrahydrofolate--homocysteine 
methyltransferase (EC 2.1.1.13)

s05:147091-146441 19 0 0 0 15

Nitrogen regulatory protein P-II s05:147521-147153 31 0 1 0 9

5-methyltetrahydrofolate--homocysteine 
methyltransferase (EC 2.1.1.13)

s05:151396-152055 51 1 2 3 27

Monomethylamine:corrinoid methyltransferase; 
pyrrolysine-containing

s05:152061-153452 39 0 0 1 16

Signal peptidase-like protein s05:182112-182924 1 10 2 14 19

Methionyl-tRNA synthetase (EC 6.1.1.10) s05:185101-187038 21 33 32 21 24

Positive regulator of CheA protein activity 
(CheW)

s05:205303-205785 0 5 24 1 6

Predicted regulator PutR for proline utilization, 
GntR family

s05:206652-207335 5 6 9 11 12

N-acetylglucosamine-1-phosphate 
uridyltransferase (EC 2.7.7.23) / Glucosamine-1-
phosphate N-acetyltransferase (EC 2.3.1.157)

s05:209269-210642 16 11 4 5 11

Ribose-phosphate pyrophosphokinase (EC 2.7.6.1) s05:210643-211590 15 27 4 33 32

Biotin carboxylase of acetyl-CoA carboxylase (EC 
6.3.4.14)

s05:217119-215794 46 35 39 28 59

universal stress family protein s05:233077-233547 12 45 29 12 15

Ferredoxin 3 fused to uncharacterized domain s05:233730-234440 14 17 23 23 11

D-3-phosphoglycerate dehydrogenase (EC 
1.1.1.95)

s05:239089-240669 100 66 77 54 81

2-oxoglutarate oxidoreductase, alpha subunit (EC 
1.2.7.3)

s05:244841-245971 24 18 21 24 39

2-oxoglutarate oxidoreductase, beta subunit (EC 
1.2.7.3)

s05:245985-246803 8 15 2 10 13
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2-oxoglutarate oxidoreductase, gamma subunit 
(EC 1.2.7.3)

s05:246806-247327 12 16 10 14 25

Methyl-accepting chemotaxis protein s05:251099-250251 16 21 16 15 13

Phosphoribosylformylglycinamidine 
synthase, synthetase subunit (EC 6.3.5.3) / 
Phosphoribosylformylglycinamidine synthase, 
glutamine amidotransferase subunit (EC 6.3.5.3)

s05:255137-258919 122 136 116 117 153

Arginyl-tRNA synthetase (EC 6.1.1.19) s05:266707-268374 6 15 13 16 21

DNA-directed RNA polymerase delta subunit (EC 
2.7.7.6)

s05:268473-268892 5 4 3 3 10

CTP synthase (EC 6.3.4.2) s05:268997-270610 15 23 24 43 34

Transaldolase (EC 2.2.1.2) s05:275469-276113 8 7 4 9 10

ClpB protein s05:27556-24971 113 132 120 103 60

Fructose-1,6-bisphosphatase, GlpX type (EC 
3.1.3.11)

s05:276215-277180 23 39 34 49 69

2',3'-cyclic-nucleotide 2'-phosphodiesterase (EC 
3.1.4.16)

s05:279231-278527 9 13 3 14 12

Nucleoside triphosphate pyrophosphohydrolase 
MazG (EC 3.6.1.8)

s05:286306-287775 1 3 4 5 12

DNA-binding protein HBsu s05:287870-288145 21 16 6 23 18

Methyl-accepting chemotaxis protein s05:291591-293624 44 28 25 18 28

Lysine-arginine-ornithine-binding periplasmic 
protein precursor (TC 3.A.1.3.1)

s05:295844-296620 0 14 5 2 8

Phosphate ABC transporter, periplasmic 
phosphate-binding protein PstS (TC 3.A.1.7.1)

s05:302546-303409 0 11 0 12 0

Adenylate cyclase (EC 4.6.1.1) s05:306947-305349 7 10 5 6 6

RNA binding protein, contains ribosomal protein 
S1 domain

s05:311885-312334 9 10 10 12 12

Hypoxanthine-guanine phosphoribosyltransferase 
(EC 2.4.2.8)

s05:319636-320187 11 12 7 22 22

Cell division protein FtsH (EC 3.4.24.-) s05:320298-322217 44 36 36 33 39

Transcription elongation factor GreA s05:331498-331977 4 10 7 12 19

Lysyl-tRNA synthetase (class II) (EC 6.1.1.6) s05:332010-333512 27 18 26 39 34

Glutamine ABC transporter, periplasmic 
glutamine-binding protein (TC 3.A.1.3.2)

s05:33379-34149 4 24 4 20 33

Exonuclease SbcC s05:3518-6730 6 1 0 1 12

ATP-dependent nuclease, subunit A s05:37834-41589 7 7 11 14 18

Methionine ABC transporter ATP-binding protein s05:506-1594 11 5 6 5 11

Sodium/glycine symporter GlyP s05:53197-54588 1 9 15 9 20

Alanine dehydrogenase (EC 1.4.1.1) s05:54690-55805 17 20 13 8 13

Glycogen phosphorylase (EC 2.4.1.1) s05:69518-71959 7 18 16 9 14

Methyl-accepting chemotaxis protein s05:76175-78154 10 16 17 5 12

Cytochrome d ubiquinol oxidase subunit I (EC 
1.10.3.-)

s05:85259-86644 4 12 7 3 1
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ATPase of the AAA+ family protein associated 
with FIG137771 hypothetical protein

s05:91489-93036 8 38 37 14 16

N-acetyl-gamma-glutamyl-phosphate reductase 
(EC 1.2.1.38)

s06:118305-119345 13 26 37 18 26

Glutamate N-acetyltransferase (EC 2.3.1.35) / 
N-acetylglutamate synthase (EC 2.3.1.1)

s06:119357-120568 3 9 16 22 8

Acetylglutamate kinase (EC 2.7.2.8) s06:120602-121507 1 47 44 15 15

Acetylornithine aminotransferase (EC 2.6.1.11) s06:121500-122690 10 22 29 15 17

Ornithine carbamoyltransferase (EC 2.1.3.3) s06:122715-123647 3 20 34 16 13

Argininosuccinate synthase (EC 6.3.4.5) s06:123741-124964 33 60 133 73 66

Argininosuccinate lyase (EC 4.3.2.1) s06:124957-126372 2 2 25 5 6

Branched-chain amino acid aminotransferase (EC 
2.6.1.42)

s06:126408-127481 7 11 10 9 37

NAD(FAD)-utilizing dehydrogenase, sll0175 
homolog

s06:129468-131063 7 25 3 9 1

FIG00895125: hypothetical protein s06:13024-12626 9 11 4 4 19

Glucosamine--fructose-6-phosphate 
aminotransferase [isomerizing] (EC 2.6.1.16)

s06:132935-134764 15 13 21 28 22

CO dehydrogenase/acetyl-CoA synthase, acetyl-
CoA synthase subunit (EC 2.3.1.169)

s06:160691-162826 137 146 76 53 93

Glutamyl-tRNA synthetase (EC 6.1.1.17) @ 
Glutamyl-tRNA(Gln) synthetase (EC 6.1.1.24)

s06:16214-17674 15 23 21 25 30

Protein hypA s06:167134-170052 22 32 37 32 20

Ferredoxin-type protein NapG (periplasmic 
nitrate reductase)

s06:196037-196582 2 5 29 10 0

Periplasmic nitrate reductase precursor (EC 
1.7.99.4)

s06:197916-200177 0 0 170 0 0

Cytochrome c heme lyase subunit CcmF s06:202990-205176 0 0 37 0 0

Radical SAM domain heme biosynthesis protein s06:205231-206214 0 0 10 0 0

Cytochrome c nitrite reductase, small subunit 
NrfH

s06:206354-206827 0 0 24 0 0

Cytochrome c552 precursor (EC 1.7.2.2) s06:206820-208109 5 1 177 3 2

Hydroxylamine reductase (EC 1.7.-.-) s06:208981-210624 10 18 76 11 9

Isocitrate dehydrogenase [NAD] (EC 1.1.1.41) s06:230517-229516 11 6 17 17 11

Aconitate hydratase (EC 4.2.1.3) s06:232450-230522 31 12 115 39 52

Anaerobic sulfite reductase subunit A s06:234586-235608 0 0 37 0 0

Anaerobic sulfite reductase subunit C (EC 1.8.1.-) s06:236405-237367 0 0 10 0 0

hypothetical protein s06:246844-247149 5 4 2 8 13

6-phosphofructokinase (EC 2.7.1.11) s06:26275-27372 14 9 11 6 13

Glycolate dehydrogenase (EC 1.1.99.14), subunit 
GlcD

s06:276976-278370 3 11 5 11 14

Macrolide export ATP-binding/permease protein 
MacB (EC 3.6.3.-)

s06:286935-287639 5 11 1 5 13
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Translation elongation factor Tu s06:29973-31016 282 541 379 565 540

Translation elongation factor Tu s06:31019-31156 30 15 18 30 37

Transcription antitermination protein NusG s06:31908-32450 1 4 1 6 10

LSU ribosomal protein L11p (L12e) s06:32466-32891 30 33 21 55 39

LSU ribosomal protein L1p (L10Ae) s06:32960-33664 53 69 54 67 110

LSU ribosomal protein L10p (P0) s06:33886-34416 28 34 25 53 52

LSU ribosomal protein L7/L12 (P1/P2) s06:34495-34866 41 62 29 58 61

DNA-directed RNA polymerase beta subunit (EC 
2.7.7.6)

s06:35260-39060 133 256 201 256 228

DNA-directed RNA polymerase beta' subunit (EC 
2.7.7.6)

s06:39094-43062 199 273 213 303 282

SSU ribosomal protein S12p (S23e) s06:44384-44767 9 7 8 18 18

SSU ribosomal protein S7p (S5e) s06:44810-45280 38 78 49 87 123

Translation elongation factor G s06:45389-47464 191 167 176 250 204

Translation elongation factor Tu s06:47529-48731 313 556 397 596 577

SSU ribosomal protein S10p (S20e) s06:48889-49200 37 24 5 51 40

LSU ribosomal protein L3p (L3e) s06:49217-49858 41 57 47 106 109

LSU ribosomal protein L4p (L1e) s06:49927-50550 28 53 54 66 79

LSU ribosomal protein L23p (L23Ae) s06:50547-50837 15 5 1 20 19

LSU ribosomal protein L2p (L8e) s06:50867-51712 27 52 36 73 92

SSU ribosomal protein S19p (S15e) s06:51798-52079 12 16 10 22 31

LSU ribosomal protein L22p (L17e) s06:52127-52459 17 27 8 36 42

SSU ribosomal protein S3p (S3e) s06:52485-53159 22 37 34 83 82

LSU ribosomal protein L16p (L10e) s06:53162-53638 60 66 53 73 107

SSU ribosomal protein S17p (S11e) s06:53867-54127 24 22 15 33 36

LSU ribosomal protein L14p (L23e) s06:54211-54579 18 27 13 48 51

LSU ribosomal protein L24p (L26e) s06:54598-54936 17 36 30 35 44

LSU ribosomal protein L5p (L11e) s06:54967-55509 46 50 53 80 94

SSU ribosomal protein S8p (S15Ae) s06:55771-56169 30 54 38 58 126

LSU ribosomal protein L6p (L9e) s06:56196-56747 29 41 28 48 56

LSU ribosomal protein L18p (L5e) s06:56786-57154 6 16 19 17 27

SSU ribosomal protein S5p (S2e) s06:57172-57672 37 35 36 46 45

ATP-dependent Clp protease, ATP-binding subunit 
ClpC / Negative regulator of genetic competence 
clcC/mecB

s06:5788-8247 129 193 84 120 131

LSU ribosomal protein L15p (L27Ae) s06:57919-58359 28 28 32 36 43

Adenylate kinase (EC 2.7.4.3) s06:59629-60282 46 37 22 67 59

LSU ribosomal protein L36p s06:61660-61773 4 6 3 20 17

SSU ribosomal protein S13p (S18e) s06:61795-62166 9 29 38 29 42

SSU ribosomal protein S11p (S14e) s06:62182-62574 24 27 24 35 57

SSU ribosomal protein S4p (S9e) s06:62599-63231 68 99 87 128 134

DNA-directed RNA polymerase alpha subunit s06:63296-64255 13 31 31 53 53
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LSU ribosomal protein L17p s06:64271-64609 26 12 5 36 39

LSU ribosomal protein L13p (L13Ae) s06:68077-68514 33 42 48 57 72

SSU ribosomal protein S9p (S16e) s06:68538-68930 7 22 18 11 22

Rubrerythrin s06:692-198 50 66 36 36 36

Archaeal/vacuolar-type H+-ATPase subunit H s07:146548-147009 0 7 12 4 12

Acetate kinase (EC 2.7.2.1) s07:150561-151763 160 175 116 193 195

3-oxoacyl-[acyl-carrier-protein] synthase, KASIII 
(EC 2.3.1.180)

s07:154384-155397 7 3 2 10 5

Malonyl CoA-acyl carrier protein transacylase (EC 
2.3.1.39)

s07:156357-157301 8 16 2 8 6

3-oxoacyl-[acyl-carrier protein] reductase (EC 
1.1.1.100)

s07:157303-158046 17 14 7 19 19

3-oxoacyl-[acyl-carrier-protein] synthase, KASII 
(EC 2.3.1.179)

s07:159441-160682 12 21 18 21 25

Signal recognition particle, subunit Ffh SRP54 (TC 
3.A.5.1.1)

s07:167967-169307 4 14 17 10 20

SSU ribosomal protein S16p s07:169353-169634 22 3 0 22 17

16S rRNA processing protein RimM s07:169920-170336 14 40 23 32 48

LSU ribosomal protein L19p s07:172308-172649 9 28 13 14 50

Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1)

s07:186570-188948 9 9 13 3 1

3-dehydroquinate synthase (EC 4.2.3.4) s07:19211-20293 12 8 3 9 11

LemA family protein s07:195649-196203 30 54 47 41 47

Nicotinate phosphoribosyltransferase (EC 
2.4.2.11)

s07:198105-197053 12 12 7 7 9

Dihydropteroate synthase (EC 2.5.1.15) s07:198228-199430 16 13 22 19 28

Dihydroneopterin aldolase (EC 4.1.2.25) s07:199442-199810 8 7 0 12 14

DNA topoisomerase I (EC 5.99.1.2) s07:202671-204869 5 6 12 6 7

ATP-dependent protease HslV (EC 3.4.25.-) s07:207233-207763 2 13 22 4 12

ATP-dependent hsl protease ATP-binding subunit 
HslU

s07:207784-209181 2 45 37 37 44

GTP-sensing transcriptional pleiotropic repressor 
codY

s07:209216-209995 6 33 15 31 36

Flagellar M-ring protein FliF s07:211661-213229 8 6 11 18 8

Flagellar hook protein FlgE s07:221361-223289 32 13 9 12 4

flagellar basal body-associated protein FliL s07:223630-224109 5 12 26 5 8

Chemotaxis regulator - transmits chemoreceptor 
signals to flagelllar motor components CheY

s07:226337-226699 27 4 1 32 10

Chemotaxis response regulator protein-glutamate 
methylesterase CheB (EC 3.1.1.61)

s07:235070-236119 16 11 6 17 12

Signal transduction histidine kinase CheA (EC 
2.7.3.-)

s07:236150-238210 142 147 137 111 87
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Positive regulator of CheA protein activity 
(CheW)

s07:238229-238693 1 13 18 4 6

Chemotaxis protein CheC -- inhibitor of MCP 
methylation

s07:238728-239348 4 11 7 6 7

Chemotaxis protein CheD s07:239348-239833 0 4 10 2 8

protein of unknown function DUF342 s07:240996-242615 14 10 17 15 23

SSU ribosomal protein S2p (SAe) s07:243641-244486 43 62 63 100 88

Translation elongation factor Ts s07:244559-245206 90 76 81 124 131

Uridine monophosphate kinase (EC 2.7.4.22) s07:245306-246040 16 16 18 24 25

Ribosome recycling factor s07:246030-246590 17 23 3 15 13

1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate 
synthase (EC 1.17.7.1)

s07:250962-252035 9 4 1 4 10

Prolyl-tRNA synthetase (EC 6.1.1.15), bacterial 
type

s07:252035-253750 25 15 41 40 44

Transcription termination protein NusA s07:258935-260014 7 12 6 17 22

Translation initiation factor 2 s07:260618-263230 80 95 100 98 119

SSU ribosomal protein S15p (S13e) s07:266593-266859 13 0 0 9 2

FIG099352: hypothetical protein s07:26689-27897 1 2 4 4 10

Polyribonucleotide nucleotidyltransferase (EC 
2.7.7.8)

s07:266993-269104 85 64 73 55 51

4-hydroxy-tetrahydrodipicolinate reductase (EC 
1.17.1.8)

s07:276120-276914 0 4 0 1 10

Aspartate-semialdehyde dehydrogenase (EC 
1.2.1.11)

s07:276983-278014 2 3 1 9 13

Ribonuclease J2 (endoribonuclease in RNA 
processing)

s07:280357-282021 16 14 21 20 28

GTP cyclohydrolase I (EC 3.5.4.16) type 2 s07:29262-30089 9 13 7 14 16

Cobalt-precorrin-6y C5-methyltransferase (EC 
2.1.1.-)

s07:33013-33645 3 9 7 10 4

Cobalt-precorrin-4 C11-methyltransferase (EC 
2.1.1.133)

s07:34264-35019 0 14 2 12 7

Cobalt-precorrin-3b C17-methyltransferase s07:36084-36806 1 18 1 4 1

Cobalt-precorrin-8x methylmutase (EC 5.4.1.2) s07:37602-38228 9 18 9 18 14

Cobyrinic acid A,C-diamide synthase s07:38379-39776 2 16 11 7 4

Transition state regulatory protein AbrB s07:3953-4201 4 4 1 3 10

Cobyric acid synthase (EC 6.3.5.10) s07:40356-41888 11 61 27 28 22

Peptidyl-prolyl cis-trans isomerase (EC 5.2.1.8) s07:50033-50464 0 9 6 6 17

Thioredoxin s07:50933-51256 12 13 1 9 3

UDP-N-acetylmuramate--alanine ligase (EC 
6.3.2.8)

s07:67571-68956 2 2 2 11 7

Cell division protein FtsZ (EC 3.4.24.-) s07:74499-75545 21 22 17 23 30

FIG011856: hypothetical protein s07:89622-89897 5 5 6 4 3

Ribonucleotide reductase of class III (anaerobic), 
large subunit (EC 1.17.4.2)

s07:90557-92569 11 20 27 23 21
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Aspartate transaminase (EC 2.6.1.1) s08:120988-119696 0 9 9 3 11

[FeFe]-hydrogenase maturation protein HydE s08:123770-124816 8 10 7 3 5

Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1)

s08:125560-126762 78 86 61 57 111

Cysteine synthase (EC 2.5.1.47) s08:127000-127935 28 21 20 28 32

Methyl-accepting chemotaxis protein s08:130157-128100 17 25 23 19 8

Ferredoxin domain containing protein s08:147253-147780 12 39 26 7 21

Alcohol dehydrogenase (EC 1.1.1.1) s08:157563-158729 22 48 33 11 50

Amino acid ABC transporter, amino acid-binding 
protein/permease protein

s08:159010-159861 14 70 23 38 30

hypothetical protein s08:167474-168304 7 12 4 12 3

UDP-glucose dehydrogenase (EC 1.1.1.22) s08:188076-189338 18 18 32 14 19

TPR domain protein, putative component of TonB 
system

s08:190147-193536 12 21 54 25 21

Peptidoglycan N-acetylglucosamine deacetylase 
(EC 3.5.1.-)

s08:194906-197557 6 11 29 16 9

Circadian clock protein KaiC s08:238789-237362 1 12 18 12 15

molybdopterin oxidoreductase s08:244822-242444 0 0 6 0 0

Dissimilatory sulfite reductase (desulfoviridin), 
alpha and beta subunits

s08:37339-36419 7 20 4 8 18

Methyl-accepting chemotaxis protein s08:41662-43143 3 11 7 5 6

Ankyrin s08:49368-50654 3 12 5 22 12

O-acetylhomoserine sulfhydrylase (EC 2.5.1.49) / 
O-succinylhomoserine sulfhydrylase (EC 2.5.1.48)

s08:50826-52112 36 27 36 18 20

Chaperone protein DnaK s08:56023-54158 23 16 24 6 0

Methyl-accepting chemotaxis protein s08:85095-87107 35 47 26 6 14

Methyl-accepting chemotaxis protein s09:137445-136387 23 78 46 55 108

Hydroxylamine reductase (EC 1.7.-.-) s09:140186-138624 117 192 126 129 72

Methyl-accepting chemotaxis protein s09:142607-140895 9 12 12 5 8

Rubrerythrin s09:143906-143451 3 11 3 8 16

L-lactate dehydrogenase (EC 1.1.2.3) s09:156765-155749 14 20 17 34 24

ATP-dependent protease La (EC 3.4.21.53) Type II s09:160736-158331 80 126 93 63 47

Aspartyl-tRNA(Asn) amidotransferase subunit 
B (EC 6.3.5.6) @ Glutamyl-tRNA(Gln) 
amidotransferase subunit B (EC 6.3.5.7)

s09:163062-161620 28 25 28 29 39

Aspartyl-tRNA(Asn) amidotransferase subunit 
A (EC 6.3.5.6) @ Glutamyl-tRNA(Gln) 
amidotransferase subunit A (EC 6.3.5.7)

s09:164526-163066 10 21 23 22 29

DNA ligase (EC 6.5.1.2) s09:167429-165225 1 8 12 8 2

FIG001943: hypothetical protein YajQ s09:180361-179867 11 21 11 11 22

NimC/NimA family protein s09:186208-186603 12 22 9 0 26

Formate--tetrahydrofolate ligase (EC 6.3.4.3) s09:188329-186662 311 364 1275 983 191



187

Methyl-accepting chemotaxis protein s09:194052-192073 7 10 10 6 7

Phosphoribosyl-AMP cyclohydrolase (EC 3.5.4.19) 
/ Phosphoribosyl-ATP pyrophosphatase (EC 
3.6.1.31)

s09:201080-200427 7 6 4 12 6

Histidinol dehydrogenase (EC 1.1.1.23) s09:206218-204878 9 14 15 23 18

ATP phosphoribosyltransferase (EC 2.4.2.17) s09:206880-206215 2 1 2 12 3

ATP phosphoribosyltransferase regulatory subunit 
(EC 2.4.2.17)

s09:209750-208566 5 8 11 17 18

Methionine ABC transporter substrate-binding 
protein

s09:210471-211289 23 60 28 32 37

Glutaminyl-tRNA synthetase (EC 6.1.1.18) s09:216423-214702 3 14 7 10 10

Diaminopimelate decarboxylase (EC 4.1.1.20) s09:247626-246367 16 5 5 9 11

Anaerobic nitric oxide reductase flavorubredoxin s09:69122-67926 11 16 15 4 5

Hydroxylamine reductase (EC 1.7.-.-) s09:70836-69277 99 168 103 112 55

Threonine synthase (EC 4.2.3.1) s10:14524-13025 6 10 8 12 17

2-iminoacetate synthase (ThiH) (EC 4.1.99.19) s10:31730-30312 14 62 35 59 69

Hemolysin activation/secretion protein s10:50090-51814 0 5 13 5 1

Zinc finger domain s10:8070-8366 24 17 9 23 14

Tricarboxylate transport protein TctC s11:100553-101500 17 18 21 18 2

CRISPR-associated protein, Csh2 family s11:107861-108811 9 8 6 11 10

Xanthine dehydrogenase iron-sulfur subunit (EC 
1.17.1.4) / Xanthine dehydrogenase, molybdenum 
binding subunit (EC 1.17.1.4)

s11:15463-12734 1 12 2 5 3

Xanthine dehydrogenase iron-sulfur subunit (EC 
1.17.1.4) / Xanthine dehydrogenase, molybdenum 
binding subunit (EC 1.17.1.4)

s11:22054-24795 37 296 79 131 119

Glutamate synthase [NADPH] small chain (EC 
1.4.1.13)

s11:24905-27229 0 40 2 13 10

hypothetical protein s11:37343-38398 0 5 1 0 10

ABC-type tungstate transport system, periplasmic 
binding protein

s11:5078-5962 19 79 21 35 54

SSU ribosomal protein S20p s11:64071-63802 21 15 9 16 26

Endopeptidase spore protease Gpr (EC 3.4.24.78) s11:64228-65199 3 15 11 5 6

Translation elongation factor LepA s11:66906-68702 6 10 5 11 8

Heat shock protein 60 family chaperone GroEL / 
Thermosome subunit

s11:71004-72587 28 30 35 43 26

Heat shock protein GrpE s11:72605-73171 25 43 38 31 29

Chaperone protein DnaK s11:73206-75050 154 226 185 191 116

Chaperone protein DnaJ s11:75071-76228 23 29 22 34 22

Tungsten-containing aldehyde:ferredoxin 
oxidoreductase (EC 1.2.7.5)

s11:7590-9329 340 309 309 279 314

Transamidase GatB domain protein s11:80020-80472 8 14 13 9 16

DUF1432 domain-containing protein s11:82543-83559 190 206 185 150 177

Chaperone protein DnaK s11:85810-87648 2 12 11 4 7
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Predicted function Genome reference H2CO2 MeOH NO3
- B F

DNA gyrase subunit A (EC 5.99.1.3) s12:105173-107626 4 41 47 63 61

Dihydroxy-acid dehydratase (EC 4.2.1.9) s12:111406-113064 38 76 78 63 85

hypothetical protein s12:2522-1821 1 12 18 3 14

Adenylosuccinate synthetase (EC 6.3.4.4) s12:34011-32662 23 28 20 18 102

LSU ribosomal protein L9p s12:41519-41073 30 39 40 32 44

SSU ribosomal protein S18p @ SSU ribosomal 
protein S18p, zinc-dependent

s12:45450-45214 7 12 9 31 24

Single-stranded DNA-binding protein s12:45861-45466 13 27 26 30 42

GTP-binding and nucleic acid-binding protein YchF s12:49414-48308 3 5 6 10 11

Hypothetical protein Cj1505c s12:51461-50859 5 7 0 7 11

CBS domain protein s12:54333-53689 22 16 3 37 45

Branched-chain amino acid transport ATP-binding 
protein LivF (TC 3.A.1.4.1)

s12:55097-54387 11 8 14 20 17

Branched-chain amino acid transport ATP-binding 
protein LivG (TC 3.A.1.4.1)

s12:55865-55101 1 11 3 9 27

Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1)

s12:59007-57829 52 63 37 38 48

Glutamate synthase [NADPH] small chain (EC 
1.4.1.13)

s12:61657-59348 99 20 64 29 35

Glutamate synthase [NADPH] large chain (EC 
1.4.1.13)

s12:63307-61670 69 16 68 37 34

FIG00583938: hypothetical protein s12:64401-63295 25 4 8 9 8

hypothetical protein s12:69434-69057 2 1 1 6 10

[FeFe]-hydrogenase maturation protein HydF s12:74131-72908 3 12 9 12 14

5-methyltetrahydrofolate--homocysteine 
methyltransferase (EC 2.1.1.13)

s12:78248-80629 24 19 18 6 12

tRNA uridine 5-carboxymethylaminomethyl 
modification enzyme GidA

s12:84359-82479 3 1 7 11 11

Chemotaxis protein CheV (EC 2.7.3.-) s12:86119-87018 6 37 7 6 7

RNA-binding protein Jag s12:88636-87992 3 9 5 14 14

DNA polymerase III beta subunit (EC 2.7.7.7) s12:92508-93632 5 7 6 8 20

DNA gyrase subunit B (EC 5.99.1.3) s12:96178-98112 1 16 13 22 6

ThiJ/PfpI family protein s13:20632-21201 13 21 26 21 22

Hydroxymethylpyrimidine phosphate synthase 
ThiC (EC 4.1.99.17)

s13:2497-1199 10 23 25 21 12

Phosphoribosylaminoimidazole carboxylase 
catalytic subunit (EC 4.1.1.21)

s13:40853-41350 0 7 4 2 10

Phosphoribosylaminoimidazole-
succinocarboxamide synthase (EC 6.3.2.6)

s13:41409-42119 12 19 12 17 51

Pyruvate carboxylase (EC 6.4.1.1) s13:4484-2685 0 0 1 79 0

IMP cyclohydrolase (EC 3.5.4.10) / 
Phosphoribosylaminoimidazolecarboxamide 
formyltransferase (EC 2.1.2.3)

s13:45273-46814 39 41 65 47 130



189

Outer membrane protein s13:50480-49758 4 13 3 22 10

Spermidine synthase (EC 2.5.1.16) s13:53356-54192 1 5 1 3 4

aminopeptidase s13:55406-54294 6 12 10 8 12

Pyruvate carboxylase (EC 6.4.1.1) s13:6133-4532 0 0 0 59 0

FIG01197219: hypothetical protein s13:72452-72994 4 7 14 7 8

conserved hypothetical protein s13:73006-73677 15 14 18 13 18

Ribonucleotide reductase of class II (coenzyme 
B12-dependent) (EC 1.17.4.1)

s13:81102-83327 8 2 20 0 0

Ferritin-like protein 2 s14:12903-13415 13 20 15 10 12

N-acetylmuramoyl-L-alanine amidase (EC 
3.5.1.28)

s14:23962-25035 12 13 7 7 4

Spore germination protein-like protein s14:25048-25626 20 23 15 21 17

putative signal transduction histidine kinase s14:30249-31694 3 7 11 4 6

Response regulator receiver s14:31696-32277 3 12 2 5 10

Heat shock protein 60 family co-chaperone 
GroES

s14:32493-32774 19 18 6 30 17

Heat shock protein 60 family chaperone GroEL s14:32821-34470 1610 2495 2532 2467 1537

GMP synthase [glutamine-hydrolyzing] (EC 
6.3.5.2)

s14:36607-38148 12 16 25 37 18

hypothetical protein s14:78975-81950 0 4 11 7 7

Pyruvate,phosphate dikinase (EC 2.7.9.1) s14:90011-92668 218 267 275 292 1147

(R)-2-hydroxyglutaryl-CoA dehydratase activator-
related protein

s15:19741-18341 0 0 13 0 0

Activator of (R)-2-hydroxyglutaryl-CoA 
dehydratase

s15:22673-19746 0 0 98 0 0

Malonyl CoA-acyl carrier protein transacylase (EC 
2.3.1.39)

s15:27128-22833 0 0 91 1 0

Methyl-accepting chemotaxis protein s15:44275-43229 12 33 36 29 69

Dihydrolipoamide acetyltransferase component of 
pyruvate dehydrogenase complex (EC 2.3.1.12)

s15:57313-56117 10 7 13 15 2

Acetoin dehydrogenase E1 component beta-
subunit (EC 1.2.4.-)

s15:59336-58365 9 12 0 13 0

Phosphate regulon sensor protein PhoR (SphS) 
(EC 2.7.13.3)

s15:6374-4344 10 7 10 9 8

Orotidine 5'-phosphate decarboxylase (EC 
4.1.1.23)

s15:66214-65495 16 15 17 14 24

Carbamoyl-phosphate synthase large chain (EC 
6.3.5.5)

s15:71139-67918 80 83 111 97 72

Aspartate carbamoyltransferase (EC 2.1.3.2) s15:74444-73488 13 6 2 1 6

Aspartate aminotransferase (EC 2.6.1.1) s16:29933-28743 7 1 6 16 10

Transcriptional regulator, GntR family s16:39603-40226 7 8 10 13 6

NAD(FAD)-utilizing dehydrogenase s16:41665-40283 4 21 17 6 14

Uncharacterized protein MA0381 s16:46247-45639 27 25 21 25 27

5,10-methylenetetrahydrofolate reductase s16:4696-6210 6 10 14 7 2
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Predicted function Genome reference H2CO2 MeOH NO3
- B F

long-chain-fatty-acid--CoA ligase, putative s16:48801-46276 12 13 6 13 30

Periplasmic hemin-binding protein s16:51856-52803 2 13 2 7 0

putative receptor s16:54003-55982 28 116 83 48 9

Cob(I)alamin adenosyltransferase (EC 2.5.1.17) s16:58349-58882 3 16 7 8 4

Methyl-accepting chemotaxis protein s16:60944-62716 18 30 31 10 12

GrdH Eubacterium acidaminophilum

Betaine reductase component B beta subunit Sporomusa An4

Glycine reductase component B beta subunit Sporomusa An4

GrdB Eubacterium acidaminophilum

GrdF Eubacterium acidaminophilum

GrdI Eubacterium acidaminophilum

Betaine reductase component B alpha subunit Sporomusa An4

Glycine reductase component B alpha subunit Sporomusa An4

GrdE Eubacterium acidaminophilum

GrdG Eubacterium acidaminophilum

100

89

99

99

73

46

100

0.2

S2 Neighbor joining tree constructed by using the amino acid sequences of the glycine/sarcosine/betaine 
reductase B components of Eubacterium acidaminophilum and Sporomusa strain An4. The B components 
have an alpha and a beta subunit. The numbers at the branches are bootstrap persentage values. The 
scale bar represents 20% sequence difference.  
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Chapter 5. 
S1 Proteome data of the proteins 3x more abundant in one or multiple growth conditions. The table 
shows the predicted function of the proteins, the reference to the genome (in locus tags), and their related 
peptide abundance in the four different growth conditions and their independent duplicates: lactate and 
sulfate (L), methanol and sulfate (M), methanol and sulfate in the absence of cobalt and vitamin B12 
(M -co -B12), and ethanol and sulfate (E).

Function locus tag L 1 L 2 M 1 M 2 M -co 
-B12 1

M -co 
-B12 2

E 1 E 2

Pyruvate/ketoisovalerate oxidoreductase, 
gamma subunit

Desku_0032 36 42 7 7 8 9 10 9

Methyltransferase MtaA/CmuA family Desku_0050 0 1 107 125 11 6 15 15

Methanol:cobalamin methyltransferase, 
subunit B

Desku_0051 0 1 68 77 11 1 12 14

Methyltransferase cognate corrinoid 
protein

Desku_0052 0 0 52 60 1 1 1 2

Cobalamin synthesis protein P47K Desku_0053 0 0 5 7 0 0 0 0

4Fe-4S ferredoxin iron-sulfur binding 
domain-containing protein

Desku_0054 0 0 9 7 0 0 0 0

Methionine synthase B12-binding module 
cap domain protein

Desku_0056 0 0 54 49 1 1 4 6

Ferredoxin Desku_0057 0 0 108 98 7 4 11 14

Tetrahydromethanopterin 
S-methyltransferase

Desku_0058 0 0 26 35 2 2 5 5

Pyridoxamine 5'-phosphate oxidase-
related FMN-binding protein

Desku_0059 0 0 89 101 2 1 2 2

Methyltransferase MtaA/CmuA family Desku_0060 0 0 62 84 3 0 7 6

Nicotinate-nucleotide-
-dimethylbenzimidazole 
phosphoribosyltransferase

Desku_1002 93 110 60 63 10 12 58 77

DRTGG domain protein Desku_2302 41 59 11 6 7 7 15 13

Acetyl coenzyme A synthetase (ADP 
forming), alpha domain protein

Desku_2303 30 45 5 3 3 5 10 12

Hydrogenase, Fe-only Desku_2307 0 3 40 39 105 121 32 4

NADH dehydrogenase (Quinone) Desku_2308 5 5 33 23 76 75 16 7

Ferredoxin Desku_2309 3 2 15 13 23 19 8 1

NADH dehydrogenase (Quinone) Desku_2311 2 5 5 20 23 3 2

Lactate utilization protein B/C Desku_2393 38 41 1 0 0 0 0 0

Lactate utilization protein B/C Desku_2394 12 18 0 0 0 0 0 0

L-lactate transport Desku_2395 3 7 0 0 0 0 0 0

Acetyl-coenzyme A synthetase Desku_2843 0 0 5 7 26 28 7 7

Acetolactate synthase Desku_2889 2 0 2 5 20 22 7 5

Ketol-acid reductoisomerase Desku_2890 19 21 16 21 95 110 41 26

Extracellular solute-binding protein family 
1

Desku_2938 0 1 22 30 27 28 23 23
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Function locus tag L 1 L 2 M 1 M 2 M -co 
-B12 1

M -co 
-B12 2

E 1 E 2

Aldehyde ferredoxin oxidoreductase Desku_2951 16 20 121 125 156 166 153 126

1,3-propanediol dehydrogenase Desku_2952 0 0 372 409 569 581 271 174

Hydrogenase, Fe-only Desku_2995 47 70 14 13 12 23 127 151

NADH dehydrogenase (Quinone) Desku_2996 60 86 5 8 10 16 96 101

NADH dehydrogenase (Quinone) Desku_2997 9 9 1 1 1 2 13 17

D-lactate dehydrogenase (Cytochrome) Desku_3009 4 9 0 0 0 0 0 0
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S2 Neighbor joining tree using the ten best BLAST hits from the four ACL enzymes in D. kuznetsovii. 
The numbers at the branches are bootstrap persentage values. The scale bar represents 20% sequence 
difference.  

YP_004516625.1 Desulfotomaculum kuznetsovii

WP_018086356.1 Desulfurispora thermophila

YP_007945905.1 Desulfotomaculum gibsoniae DSM 7213

YP_007174300.1 Caldisphaera lagunensis DSM 15908

NP_069511.1 Archaeoglobus fulgidus DSM 4304

YP_003816433.1 Acidilobus saccharovorans 345-15

WP_023426558.1 Acidilobus sp. CIS

WP_023428899.1 Acidilobus sp. JCHS

WP_023428002.1 Acidilobus sp. OSP8

YP_003320277.1 Sphaerobacter thermophilus DSM 20745

YP_002522326.1 Thermomicrobium roseum DSM 5159

YP_359514.1 Carboxydothermus hydrogenoformans Z-2901

YP_074710.1 Symbiobacterium thermophilum IAM 14863

YP_004518155.1 Desulfotomaculum kuznetsovii

WP_018085776.1 Desulfurispora thermophila

BAL56248.1 Acetothermia bacterium

YP_001717706.1 Candidatus Desulforudis audaxviator MP104C

YP_006466208.1 Desulfosporosinus acidiphilus SJ4

YP_007219420.1 Desulfitobacterium dichloroeliminans LMG P-21439

WP_005810073.1 Desulfitobacterium hafniense

YP_006428720.1 Desulfitobacterium dehalogenans ATCC 51507

WP_019849314.1 Desulfitobacterium sp. PCE1

YP_004517410.1 Desulfotomaculum kuznetsovii

YP_007945775.1 Desulfotomaculum gibsoniae DSM 7213

YP_003640667.1 Thermincola potens JR

YP_003639158.1 Thermincola potens JR

YP_001679626.1 Heliobacterium modesticaldum Ice1

WP_018131017.1 Alicyclobacillus pohliae

WP_003387464.1 synthetase Brevibacillus borstelensis

WP_010269904.1 synthetase Paenibacillus senegalensis

WP_009672629.1 synthetase Paenibacillus

WP_021262587.1 Paenibacillus alvei

WP_021256689.1 synthetase Paenibacillus alvei

WP_008519025.1 Dethiobacter alkaliphilus

YP_007946374.1 Desulfotomaculum gibsoniae DSM 7213

YP_004545274.1 Desulfotomaculum ruminis DSM 2154

YP_004496858.1 Desulfotomaculum carboxydivorans CO-1-SRB

YP_004516641.1 Desulfotomaculum kuznetsovii DSM 6115

YP_001211040.1 Pelotomaculum thermopropionicum SI

YP_001212787.1 Pelotomaculum thermopropionicum SI

YP_001212057.1 Pelotomaculum thermopropionicum SI

YP_001212300.1 Pelotomaculum thermopropionicum SI

YP_004517640.1 Desulfotomaculum kuznetsovii

WP_018085852.1 Desulfurispora thermophila

100

96

40

22

15

39

16

20

31

100

48

100

100

100

100

73

100

100

45

100

66

100

98

65

83

97

100

71

81

100

82

100

100

100

100

99

100

52

51

35

33

0.2
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Summary

One-carbon metabolism in acetogenic and sulfate-reducing bacteria
Life on earth is sustained by the constant cycling of six essential elements: oxygen, hydrogen, 
nitrogen, sulfur, phosphorous, and carbon. The continuous cycling of these elements is due to 
geo-chemical processes and the combined metabolism of all life on earth. Microorganisms like 
bacteria and archaea play a major role in this. This is also true for the carbon cycle. In this cycle 
carbon dioxide and methane are two important C-1 compounds present in the atmosphere. 
Carbon dioxide is the highest oxidative state of carbon while methane is the highest reduced 
form of carbon. The art to use light to produce organic compounds and conserve energy from 
the highest oxidative state of carbon is called photosynthesis and is performed by plants, algae 
and cyanobacteria. Photosynthesis is not the only system to fix carbon from carbon dioxide. 
Chemolithotrophs can fix carbon from carbon dioxide using inorganic electron donors, like 
hydrogen. Subsequently, fixed carbon can be used by other organisms, which also makes life 
possible for them. Microorganisms play a major role in the degradation of complex organic 
matter, producing smaller compounds including C-1 compounds. C-1 compounds other than 
carbon dioxide are e.g. carbon monoxide (CO), methanol and formate. Bacteria and archaea 
can utilize these relative simple compounds in the presence and absence of oxygen, alone and 
in cooperation with others (syntrophy). The complex and simple carbon compounds are finally 
oxidized to carbon dioxide, which closes the carbon cycle.
In addition to their importance to the carbon cycle, one carbon compounds like CO, methanol and 
formate are important for several applications. They are used as a building block for the production 
of chemicals. They are also used for bioremediation purposes and for wastewater treatment. 
Therefore, it is important to gain insight in the one carbon metabolism of microorganisms. 
The research described in this thesis focuses on the proteins and encoding genes involved in 
anaerobic degradation of C1 compounds by using genome and proteome analysis.
In Chapter 2 the genomes of two closely related sulfate-reducing bacteria, Desulfotomaculum 
nigrificans and D. nigrificans strain CO-1-SRB, are compared including their CO metabolism. 
Both the D. nigrificans type strain and  strain CO-1-SRB can grow with CO. However, there are 
differences. The type strain can grow with 20% CO coupled to sulfate reduction in the presence 
of yeast extract, while strain CO-1-SRB can grow with 100% CO in the presence of yeast 
extract. Moreover, strain CO-1-SRB can grow with CO in the presence and absence of sulfate. 
It couples the oxidation of CO to carbon dioxide to hydrogen production. This conversion, the 
protein complex involved, and the genes coding for these proteins have been described before 
in other microorganisms. The genome of strain CO-1-SRB contains the genes coding for this 
protein complex while the genome of the D. nigrificans type strain does not. However, the genome 
of the type strain contains genes encoding two other CO dehydrogenases. This indicates that 
one or both are necessary for the type strain to grow with 20% CO. Additional research on 
the different CO dehydrogenases and their regulation is essential to assess if all different CO 
dehydrogenases can facilitate growth and how they are linked to for example creating a proton 
motive force for ATP production.
The methanol metabolism of anaerobic bacteria seems to differ more from that of methanogens 
than initially described. Methanogens use a methanol methyltransferase system that consists of 
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two methyltranferases, methyltransferase 1 (subunits MtaB and MtaC) and methyltransferase 
2 (MtaA). The methyl group from methanol is transferred to the MtaC subunit by MtaB. 
Subsequently, MtaA transports the methyl group from MtaC to coenzyme M. A genome and 
proteome analysis of the acetogenic bacterium Sporomusa strain An4 suggests that instead of 
MtaA a methyl-tetrahydrofolate methyltransferase is involved in the transport of the methyl 
bound to MtaC to tetrahydrofolate (Chapter 3).
Research done on the methanol metabolism of the sulfate-reducing bacterium Desulfotomaculum 
kuznetsovii also shows differences with that of methanogens (Chapter 5). The methanol 
methyltransferase system is vitamin B12 and cobalt dependent. D. kuznetsovii grows with 
methanol and sulfate, but can do this in presence and absence of vitamin B12 and cobalt. In the 
absence of vitamin B12 and cobalt D. kuznetsovii grows slower and reaches a lower optical density 
compared to growth in the presence of vitamin B12 and cobalt. This suggests that D. kuznetsovii 
can use both a methyltransferase system and a vitamin B12 and cobalt independent system for 
the degradation of methanol. Proteome results confirm this and suggest that the vitamin B12 
and cobalt independent system consists of an alcohol dehydrogenase and an aldehyde ferredoxin 
oxidoreductase. Moreover, the alcohol dehydrogenase seems to be involved in the oxidation of 
both methanol and ethanol (Chapter 5). The presence of two methanol degradation pathways 
give an ecological advantage to D. kuznetsovii in environments containing methanol and sulfate but 
limiting cobalt and vitamin B12 concentrations. Future research should elucidate if more sulfate-
reducing bacteria, or perhaps even acetogenic bacteria, have two methanol degrading pathways.
Additional to the genome analysis of D. kuznetsovii to assess the genes coding for the proteins 
involved in the two methanol degradation pathways, the genome was also analyzed to assess genes 
encoding other degradation pathways (Chapter 4). This analysis shows many genes present in D. 
kuznetsovii are also present in Pelotomaculum thermopropionicum. P. thermopropionicum is known to 
degrade propionate in syntrophic interaction with a methanogen.  D. kuznetsovii can also degrade 
propionate, but only coupled to sulfate reduction and not in syntrophy with methanogens. 
Moreover, P. thermopropionicum is not able to reduce sulfate. D. kuznetsovii is the only close 
related, non-syntrophic, propionate degrader of which the genome is available. Therefore, a 
genome comparison was performed between D. kuznetsovii and P. thermopropionicum to define the 
differences between a non-syntrophic and a syntrophic lifestyle. D. kuznetsovii misses membrane 
bound protein complexes like hydrogenases and an extra-cytoplasmic formate dehydrogenase. 
In order to expand the analysis between non-syntrophs and syntrophs, more genomes of 
propionate- and butyrate-degrading bacteria were included (Chapter 6). This extended analysis 
shows that the genomes of non-syntrophs do not contain genes coding for an extra-cytoplasmic 
formate dehydrogenase, in contrast to all syntrophs included in the analysis. This indicates the 
importance of this protein complex and the importance of formate as an interspecies electron 
carrier in syntrophic degradation of propionate and butyrate. Thanks to the extra cytoplasmic 
formate dehydrogenase the syntrophic bacteria can couple the degradation of propionate and 
butyrate to formate production. Subsequently, the formate is utilized by methanogens to produce 
methane. This keeps the formate concentration low, which is necessary for the entire process 
to be energetically favorable.
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Samenvatting

Afbraak van één koolstof verbindingen in acetogene en sulfaatreducerende bacteriën
Het leven op aarde wordt mogelijk gemaakt door de constante cyclus van zes belangrijke 
elementen: zuurstof, waterstof, stikstof, zwavel, fosfor en koolstof. De cyclus van deze elementen 
wordt in stand gehouden door geochemische processen en door het gezamenlijke metabolisme 
van alle organismen op aarde. Micro-organismen zoals bacteriën en archaea spelen hier een 
grote rol in. Dit geldt ook voor de koolstofcyclus. Hierin zijn koolstofdioxide en methaan twee 
C-1 verbindingen met, respectievelijk, het meest geoxideerde en het meest gereduceerde 
oxidatieniveau van koolstof. De kunst om door middel van licht van de meest geoxideerde 
koolstof vorm organische verbindingen te vormen en energie te conserveren, heet fotosynthese, 
wat wordt uitgevoerd door planten, algen en cyanobacteriën. Fotosynthese is niet het enige 
systeem dat koolstof kan fixeren uit koolstofdioxide. Chemolithotrofe micro-organismen kunnen 
dit ook door anorganische elektrondonoren, zoals waterstof, te gebruiken. Gefixeerde koolstof 
kan op deze manier weer gebruikt worden door andere organismen, waardoor leven voor 
deze organismen ook mogelijk is. Micro-organismen spelen een grote rol bij de afbraak van 
complexe organische stoffen en produceren vaak kleinere verbindingen, waaronder andere 
C1 verbindingen als koolstofdioxide, als eindproduct. Andere één koolstof verbindingen zijn 
bijvoorbeeld koolstofmonoxide, methanol en formiaat. Bacteriën en archaea kunnen groeien 
op deze relatief simpele verbindingen, zowel in de aanwezigheid als afwezigheid van zuurstof en 
zowel alleen als in samenwerking met elkaar (syntrofie). De complexere en minder complexere 
koolstof verbindingen worden uiteindelijk weer geoxideerd tot koolstofdioxide en maken zo de 
koolstof cyclus rond.
C1 verbindingen als koolstofmonoxide, methanol en formiaat zijn niet alleen belangrijk in 
de koolstof cyclus, maar ook voor technologische doeleinden. Ze worden gebruikt voor de 
productie van chemicaliën, bij de afbraak van vervuilde stoffen in de grond en bij de zuivering 
van afvalwater. Daarom is het belangrijk om een goed inzicht te krijgen van de verscheidene 
afbraakroutes die micro-organismen gebruiken om deze stoffen af te breken. Het onderzoek 
in dit proefschrift focust zich voornamelijk op de eiwitten en genen betrokken bij de anaerobe 
afbraak van C1 verbindingen, doormiddel van genoom en proteoom analyses.
In hoofdstuk 2 worden twee sulfaatreducerende bacteriën, de type stam van D. nigrificans en 
D. nigrificans stam CO-1-SRB die fylogenetisch verwant zijn, op basis van hun genoom met 
elkaar vergeleken op onder andere het verschil in hun koolstofmonoxide metabolisme. 
Zowel de type stam als stam CO-1-SRB kunnen groeien met koolstofmonoxide, maar er 
zijn verschillen. De type stam kan groeien met 20% koolstofmonoxide gekoppeld aan sulfaat 
reductie en in de aanwezigheid van gistextract, terwijl D. nigrificans stam CO-1-SRB in de 
aanwezigheid van gistextract met 100% koolstofmonoxide kan groeien. De groei hoeft in dit 
geval niet gekoppeld te zijn aan sulfaatreductie. Stam CO-1-SRB oxideert koolstofmonoxide 
naar koolstofdioxide en produceert hierbij waterstof. De productie van waterstof door de 
oxidatie van koolstofmonoxide, het betrokken koolstofmonoxide dehydrogenase complex en 
de genen die coderen voor dit complex zijn al eerder beschreven in andere micro-organismen. 
Het genoom van stam CO-1-SRB bezit de genen die coderen voor dit eiwit complex, terwijl 
de D. nigrificans type stam deze genen mist. Wat de type stam wel heeft zijn genen die coderen 
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voor twee andere koolstofmonoxide dehydrogenases. Dit duidt er op dat één van de twee of 
allebei nodig zijn om op 20% koolstofmonoxide te kunnen groeien. Verder onderzoek naar de 
verschillende koolstofmonoxide dehydrogenases en de regulatie hiervan is nodig om erachter te 
komen of alle koolstofmonoxide dehydrogenases voor groei kunnen zorgen en hoe ze gekoppeld 
zijn aan bijvoorbeeld de vorming van een proton gradiënt voor ATP productie. 
Het methanol metabolisme van anaerobe bacteriën lijkt niet helemaal hetzelfde te zijn als in 
methanogenen, waar een methanol methyltransferase systeem actief is. Dit systeem bestaat uit 
twee methyltransferases, methyltransferase 1 (subunits MtaB en MtaC) en methyltransferase 2 
(MtaA). De methyl groep van methanol wordt door subunit MtaB overgedragen. Een genoom- 
en proteoomanalyse van de acetogene bacterie Sporomusa stam An4 suggereert dat in plaats 
van MtaA een methyl-tetrahydofoliumzuur methyltransferase betrokken is bij overdracht van de 
methyl groep gebonden aan MtaC naar tetrahydrofoliumzuur (Hoofdstuk 3). 
Onderzoek naar het methanol metabolisme van de sulfaatreducerende bacterie Desulfotomaculum 
kuznetsovii laat ook verschil zien met methanogenen (Hoofdstuk 5). Het methanol methyltransferase 
systeem is vitamine B12 en kobalt afhankelijk. D. kuznetsovii groeit met methanol en sulfaat, maar 
doet dit zowel in de aanwezigheid als afwezigheid van vitamine B12 en kobalt. In afwezigheid 
van vitamine B12 en kobalt groeit D. kuznetsovii minder snel en tot een minder hoge dichtheid 
dan in de aanwezigheid van vitamine B12 en kobalt. Dit suggereert dat D. kuznetsovii zowel het 
methyltransferase systeem als een vitamine B12 en kobalt-onafhankelijk systeem kan gebruiken 
om methanol af te breken. De proteoomdata bevestigen dit en suggereren dat het vitamine 
B12 en kobalt-onafhankelijke systeem bestaat uit een alcohol dehydrogenase en een aldehyde 
ferredoxine oxidoreductase. Overigens lijkt het erop dat de alcohol dehydrogenase zowel 
betrokken is bij de oxidatie van methanol als ethanol (Hoofdstuk 5). De aanwezigheid van twee 
methanol afbraak routes geeft een ecologisch voordeel aan D. kuznetsovii in omgevingen waar 
methanol en sulfaat aanwezig zijn, maar weinig kobalt en vitamine B12. Toekomstig onderzoek 
moet aantonen of meer sulfaat-reducerende bacteriën, of misschien zelfs acetogene bacteriën, 
ook twee methanol afbraakroutes hebben.
Naast dat het genoom van D. kuznetsovii is onderzocht voor de genen die coderen voor de 
eiwitten van de twee methanol afbraakroutes, is het genoom ook onderzocht voor genen die 
coderen voor andere afbraakroutes (Hoofdstuk 4). In deze analyse komen veel genen naar 
voren die ook aanwezig zijn in Pelotomaculum thermopropionicum. Deze bacterie staat bekend 
om zijn afbraak van propionzuur in syntrofe interactie met een methanogeen. D. kuznetsovii kan 
ook propionzuur afbreken, maar alleen gekoppeld aan sulfaatreductie en niet in syntrofie met 
methanogenen. Daarentegen kan P. thermopropionicum geen sulfaat reduceren. Fylogenetisch is D. 
kuznetsovii de meest verwante propionzuurgebruiker die niet syntroof kan groeien, maar waarvan 
het genoom beschikbaar is. Daarom is een genoomvergelijking gedaan tussen D. kuznetsovii 
en P. thermopropionicum om de verschillen aan te tonen tussen een niet syntrofe en syntrofe 
levensstijl. D. kuznetsovii mist membraan gebonden complexen als hydrogenases en een extra-
cytoplasmatische formiaatdehydrogenase. Om de analyse tussen niet-syntrofen en syntrofen 
uit te breiden, zijn er meer genomen vergeleken van propionzuur- en boterzuur-afbrekende 
bacteriën (Hoofdstuk 6). Deze uitgebreide analyse toont aan dat de genomen van de niet-
syntrofen geen extra-cytoplasmatische formiaatdehydrogenase genen bezitten, terwijl dit bij alle 
syntrofen in de analyse wel het geval is. Dit duidt op het belang van dit complex en tegelijkertijd 
het belang van formiaat als intermediair in syntrofe interactie met methanogenen. Dankzij de 
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extra-cytoplasmatische formiaatdehydrogenase zijn de syntrofe bacteriën in staat de afbraak 
van propionzuur en boterzuur te koppelen aan formiaatproductie. Het geproduceerde formiaat 
wordt omgezet in methaan door methanogenen, die zo de formiaatconcentratie laag houden om 
het gehele proces energetisch mogelijk te maken.
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