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Abstract 

Clostridium formicoaceticum, a Gram-negative mixotrophic homoacetogen, produces acetic acid 

as the sole metabolic product from various carbon sources, including fructose, glycerol, formate, 

and CO2. Its genome of 4.59-Mbp contains a highly conserved Wood-Ljungdahl pathway gene 

cluster with the same layout as that in other mixotrophic acetogens, including Clostridium 

aceticum, Clostridium carboxidivorans, and Clostridium ljungdahlii. For energy conservation, C. 

formicoaceticum does not have all the genes required for the synthesis of cytochrome or quinone 

used for generating proton gradient in H+-dependent acetogens such as Moorella thermoacetica; 

instead, it has the Rnf system and a Na+-translocating ATPase similar to the one in Acetobacterium 

woodii. Its growth in both heterotrophic and autotrophic media were dependent on the sodium 

concentration. C. formicoaceticum has genes encoding acetaldehyde dehydrogenases, alcohol 

dehydrogenases, and aldehyde oxidoreductases, which could convert acetyl-CoA and acetate to 

ethanol and butyrate to butanol under excessive reducing equivalent conditions.  

Keywords: Acetate; acetogen; Clostridium formicoaceticum; genomic analysis; mixotrophy; 

Wood-Ljungdahl pathway  
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1. Introduction 

In traditional ethanol and acetone-butanol-ethanol (ABE) fermentations, about one-third of 

the substrate carbon is lost in CO2 from the decarboxylation of pyruvate, which not only increases 

the substrate cost due to reduced carbon efficiency but also emits large amounts of greenhouse gas 

CO2 (Wang et al., 2014). On the other hand, many acetogens, such as Acetobacterium woodii 

(Bertsch and Mueller, 2015), Clostridium aceticum (Poehlein et al., 2015), Clostridium 

autoethanogenum (Abrini et al., 1994), Clostridium ljungdahlii (Younesi et al., 2005), and 

Eubacterium limosum (Genthner and Bryant, 1982), can convert or fix CO2 with H2 or CO as the 

energy source and electron donor to acetyl-CoA via the Wood-Ljungdahl pathway, which is the 

most energy-efficient pathway for CO2 fixation (Ragsdale and Pierce, 2008). The non-

photosynthetic mixotrophic acetogens concurrently utilizing sugars and gases (CO2 and H2) for 

acids (mainly acetate) or alcohols (mainly ethanol) production thus present a great potential for 

industrial production of biofuels and chemicals (Jones et al., 2016). To date, several mixotrophic 

acetogens with sequenced genomes, including Moorella thermoacetica (Pierce et al., 2008), C. 

ljungdahlii (Koepke et al., 2010; Leang et al., 2013), and A. woodii (Hoffmeister et al., 2016), have 

been metabolically engineered to produce ethanol or acetone.  

Clostridium formicoaceticum, first isolated from an anaerobic digester by enrichment under 

an atmosphere of 25% CO2 and 75% H2 by El Ghazzawi in 1967, is a mesophilic, Gram-negative, 

strictly anaerobic homoacetogen (Andreesen et al., 1970). Similar to more well studied 

mixotrophic homoacetogens, C. formicoaceticum naturally converts various carbon sources, 
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including lactate and fructose, to acetate as the sole fermentation product with a high product yield 

of >90% (w/w) without losing any carbon to CO2 (Huang et al., 1998; O'Brien and Ljungdahl, 

1972; Tang et al., 1988; 1989; Yang et al., 1987). However, only a few genes from C. 

formicoaceticum have been characterized (Clark and Ljungdahl, 1984; Huber et al., 1994; 

Ljungdahl et al., 1980). The limited genomic information and the lack of genetic engineering 

systems obstruct the biotechnological application of this bacterium (Karl et al., 2017).  

In this study, the whole genome of C. formicoaceticum ATCC 27076 was sequenced and 

analyzed by comparing with other mixotrophic acetogens. Its general genome features and relevant 

genes encoding for enzymes involved in the Wood-Ljungdahl pathway, acetate/ethanol 

biosynthesis, substrate utilization, and energy conservation were identified and characterized (see 

Figure 1).  The genomic analysis not only improves our understanding of C. formicoaceticum, but 

also points to its potential applications for biofuels production from abundant, low-cost industrial 

byproducts with reduced CO2 emission. 

2. Results and discussion 

2.1 General features of the C. formicoaceticum genome 

C. formicoaceticum genome consists of a single circular chromosome of 4,586,755 bp (see 

Figure S1) with an overall G+C content of 35.52%. No plasmid was detected, which is consistent 

with a previous report (Lee et al., 1987). The genome harbored 134 tRNA genes, 22 rRNA operons, 

and 3,280 predicted protein-coding sequences (CDS), of which 74.48% have been assigned a 
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tentative function. In addition, there are three putative intact prophage regions and two CRISPR-

Cas systems. The major features of the C. formicoaceticum genome are summarized in Table 1. 

C. formicoaceticum is motile by flagella (Andreesen et al., 1970). The flagellum serves an 

essential function for cells to adapt to unique biological niches and is critical to chemotaxis, 

virulence, colonization, and biofilm formation (Twine et al., 2009). The relevant genes for flagella 

biosynthesis are located in one large cluster and three small clusters (Table S1). Among them, one 

chemotaxis genes cluster is located within the large flagella cluster, while the other cluster is far 

away from the flagella clusters. Clostridia and Bacilli present a significant similarity in 

morphology and physiology, as well as in molecular, biological, and cellular activities in endospore 

formation (Dürre, 2011). As with all other clostridia, the master regulator of sporulation Spo0A 

and the sporulation-specific sigma factors σH, σF, σE, σG, and σK are present. Unlike bacilli, C. 

formicoaceticum does not contain genes encoding phosphorelay (spo0F and spo0B).  

Based on the 16S rRNA gene sequences, the phylogenetic tree of C. formicoaceticum with 

closely related mixotrophic acetogens was constructed using the neighbor-joining method by 

MEGA 7.0. As shown in Figure 1, Clostridium felsineum is the closest relative. This bacterium 

belongs to the same genus with C. formicoaceticum, but it still lacks whole-genome information. 

The other closely related bacterium is C. aceticum, which is the first isolated anaerobic autotrophic 

acetogen with its complete genome sequence published in 2015 (Poehlein et al., 2015). C. 

formicoaceticum can fix CO2 through the Wood-Ljungdahl pathway, but its ability to use H2 as the 

electron and energy sources is poor probably due to lack of certain hydrogenases (Karl et al., 2017). 
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In addition, gene clusters encoding sodium and proton antiporters in C. aceticum and more 

distantly related alkaliphilic organisms, including Natronincola peptidivorans, Alkaliphilus 

peptidifermentans, Alkaliphilus metalliredigens, Alkaliphilus transvaalensis, Clostridium litorale, 

and Clostridium halophilum, are also identified in C. formicoaceticum. However, other sequenced 

mixotrophic homoaetogens, including A. woodii, C. ljungdahlii, and M. thermoacetica, do not have 

genes associated with sodium and proton antiporters in their chromosomes. Therefore, C. 

formicoaceticum might depend on sodium and proton antiporters for its energy metabolism. 

2.2 Comparing gene sequences of Wood-Ljungdahl pathway in mixotrophic acetogens  

The Wood-Ljungdahl pathway plays a vital role in fixing carbon dioxide and carbon 

monoxide for acetyl-CoA formation and is present in a wide range of phylogenetic classes of 

acetogens (Figure 2A). In most of mixotrophic acetogens, including Clostridium 

autoethanogenum, Clostridium carboxidivorans, Clostridium ragsdalei, C. aceticum, and C. 

ljungdahlii, genes encoding both the carbonyl and methyl branches are located in one large cluster 

with the same arrangement as or very similar to that in C. formicoaceticum. However, Wood-

Ljungdahl pathway genes in the genomes of Eubacterium limosum and A. woodii are mainly 

organized in two clusters, one for carbonyl and the other for methyl branches (Jeong et al., 2015; 

Poehlein et al., 2012). In M. thermoacetica, only carbonyl branch genes are organized in one cluster. 

The methyl branch genes dispersedly locate on the chromosome and distant from the acetyl-CoA 

synthase (acs) gene cluster (Pierce et al., 2008).  

Genes encoding the Wood-Ljungdahl pathway and hydrogenase are present in C. 
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formicoaceticum (see Table S2). Genes for both carbonyl and methyl branches are located in one 

large gene cluster (Figure 2B). Formate is reacted with tetrahydrofolate (THF) to formyl-THF 

catalyzed by formyltetrahydrofolate synthetase (FTHFS), which is highly conserved in acetogens 

(Leaphart and Lovell, 2001). Then, formyl-THF is converted to methenyl-THF by formyl-THF 

cyclohydrolase and methenyl-THF is further reduced to methylene-THF by methylene-THF 

dehydrogenase, which has been purified and characterized as a mono-functional and NAD-specific 

enzyme in C. formicoaceticum (Ljungdahl et al., 1980; Moore et al., 1974). The oxidation of 

methylene-THF is carried out by methylene-THF reductase, which has two subunits  and both have 

also been purified and characterized in C. formicoaceticum (Clark and Ljungdahl, 1984). In 

addition, this oxygen sensitive enzyme utilizes reduced ferredoxin (FAD) as electron donor and 

contains an iron-sulfur cluster with a zinc finger motif (Pierce et al., 2008).  

The reduction of carbon dioxide to formate is catalyzed by formate dehydrogenase, which 

can be classified according to the diverse electron acceptors. Three formate dehydrogenase genes 

are present in the genome of C. formicoaceticum. The first encodes a non-selenocysteine-

containing enzyme and is adjacent to a NADH dehydrogenase and ferredoxin coding sequence. 

The second and third encode a selenocysteine-containing enzyme and non-selenocysteine-

containing enzyme, respectively. Therefore, formate dehydrogenase from C. formicoaceticum may 

use ferredoxin as an electron acceptor. 

In the Wood-Ljungdahl pathway, reducing equivalents are generated for CO2 reduction by 

hydrogenases. Two Ni/Fe hydrogenases are identified in C. formicoaceticum, and they are adjoined 
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with each other and associated with hydrogenase maturation-factor proteins (HypFCDE) in the 

downstream. However, neither Ech-type hydrogenase present in Methanosarcina barkeri (Koepke 

et al., 2010) nor formate hydrogen lyase in M. thermoacetica and C. aceticum (Pierce et al., 2008; 

Poehlein et al., 2015) is present in the genome of C. formicoaceticum. In addition, unlike C. 

aceticum and other autotrophic acetogens, iron-only hydrogenase gene cluster is not found in C. 

formicoaceticum genome, which might lead to its relatively poor growth in the autotrophic 

medium in serum bottle containing 1 atm of CO2 and H2 (see Figure 3A). This finding is consistent 

with the recent report that one hydrogenase gene cluster (CACET_c35700 to CACET_c35750) 

present in C. aceticum is missing in the sequenced genome of C. formicoaceticum (Karl et al., 

2017). However, as shown in Figure 3B, C. formicoaceticum was able to convert CO2 to acetate 

under autotrophic condition. The yield of acetate reached to 0.27 g/g (acetate/CO2) based on the 

assumption that all CO2 present in the bottle was consumed. Obvious growth improvement was 

observed when C. formicoaceticum was grown in heterotrophic (fructose) and mixotrophic 

(fructose with CO2/H2) media, due to the main energy source was supplied from the Embden–

Meyerhof–Parnas (EMP) pathway. Moreover, acetate production increased to 10.18 g/L with 

concurrently utilizing fructose and CO2/H2.  

C. formicoaceticum can also utilize CO as the energy source (Lux and Drake, 1992). There 

are six CO dehydrogenase genes in the genome of C. formicoaceticum. Among them, three CO 

dehydrogenase catalytic subunit genes are present as an orphan type without linking to an electron 

transport protein gene. The fourth CO dehydrogenase complex is associated with ferredoxin 
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oxidoreductase genes. The remaining two CO dehydrogenase genes each is linked to a gene 

encoding an electron transport protein with a 4Fe-4S ferredoxin. No gene encoding for putative 

aerobic-type CO dehydrogenase is found in the genome of C. formicoaceticum. 

Interestingly, lpdA encoding a dihydrolipoyl dehydrogenase and gcvH encoding glycine 

cleavage system protein H are also organized in the Wood-Ljungdahl pathway cluster. Unlike C. 

aceticum, other two genes coding for the reductive glycine pathway, including glycine 

dehydrogenase and glycine cleavage system protein T are also present. Therefore, all four enzymes 

for the reductive glycine pathway are identified in the genome of C. formicoaceticum. This genetic 

arrangement also supports the hypothesis that part of the Wood-Ljungdahl pathway and the glycine 

cleavage or synthesis system constitute the reductive glycine pathway (Bar-Even et al., 2013). This 

pathway can also reduce formate and CO2 to form pyruvate via glycine and serine. Although serine 

hydroxymethyltransferase is present, no serine deaminase gene is identified in the genome of C. 

formicoaceticum. Therefore, the function of this pathway in C. formicoaceticum is still unclear.  

2.3 Heterotrophic metabolism in C. formicoaceticum 

C. formicoaceticum has both EMP and pentose phosphate pathways and can grow 

heterotrophically on various carbon sources (Andreesen et al., 1970; Dorn et al., 1978). EMP is an 

oxygen-independent metabolic pathway, which forms ATP and NADH by degrading hexose. It is 

also a source of precursors for other pathways, including fatty acids and cholesterol synthesis and 

citric acid cycle. As an alternative to EMP, pentose phosphate pathway generates NADPH and 

supports ribose 5-phosphate for the synthesis of nucleotides. Genes for the EMP pathway are 
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mainly located in two clusters, but glucose-6-phosphate isomerase and fructose bisphosphate 

aldolase genes are located separately on the chromosome (see Figure S2, Table S2). Unlike the 

EMP pathway genes, the pentose phosphate pathway genes are located in separate clusters. Only 

glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase are organized in one 

cluster. Although it is not clear why these glycolysis genes are separated in different gene clusters 

on the genome, their dispersion in various locations on the genome might be the result of evolution 

contributing to its inability to use glucose and xylose. Similar to C. aceticum, C. formicoaceticum 

cannot grow on glucose or xylose as the carbon source (Andreesen et al., 1970), which can be 

attributed to the fact that genes encoding enzymes required for glucose and xylose bioconversion 

such as glucose kinase and xylose isomerase are not present in its genome. On the other hand, 

fructose supports heterotrophic growth of C. formicoaceticum and C. aceticum (Huang et al., 1998). 

Fructose passes through cell membranes by fructose-specific phosphotransferase (PTS) system 

and is then converted to fructose-1,6-bisphosphate by 1-phosphofructokinase. Pyruvate, as the key 

intermediate in the EMP pathway and pentose phosphate pathway, is decarboxylated by pyruvate: 

ferredoxin oxidoreductase with reduced ferredoxin to acetyl-CoA, which is finally converted to 

acetate as the end metabolic product.  

C. formicoaceticum produces acetate from lactate with a high yield of >90% (w/w) (Yang et 

al., 1987) by lactate dehydrogenase. However, the gene location differs from other sequenced 

mixotrophic acetogens, such as A. woodii and C. ljungdahlii (Weghoff et al., 2015), which present 

a lactate dehydrogenase/electron transfer flavoprotein (etfAB) complexes on the genome. The 
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lactate dehydrogenase in C. formicoaceticum presents a combination with FMN reductase. Such 

pattern has never been reported before and might drive lactate oxidation through riboflavin-based 

electron reaction. 

Two glycerol utilization pathways, named the dihydroxyacetone (DHA) pathway and 

glycerol-3-phosphate (GLY3P) pathway, were present in C. formicoaceticum. In the DHA pathway, 

glycerol is first converted into DHA by glycerol dehydrogenase. DHA is then phosphorylated by 

dihydroxyacetone kinase. In the GLY3P pathway, glycerol utilization can proceed via 

dihydroxyacetone phosphate (DHAP) by glycerol kinase and glycerol-3-phosphate dehydrogenase. 

Fermentative utilization of glycerol has been widely studied in numerous species, including 

Klebsiella pneumoniae and Citrobacter freundii (Yazdani and Gonzalez, 2007). In order to 

maintain the redox balance, these bacteria typically favor the production of 1,3-propanediol (1,3-

PDO). However, genes for 1,3-PDO production such as dhaB encoding glycerol dehydratase and 

dhaT encoding 1,3-propanediol dehydrogenase are not found in C. formicoaceticum genome, 

which is consistent with the observation that no 1,3-PDO formation was detected under 

heterotrophic conditions in this study. 

To verify the genome analysis result, the fermentation kinetics of C. formicoaceticum using 

fructose, glycerol, and formate as a substrate, respectively, were studied under anaerobic 

conditions at the optimum growth pH of 7.6 in serum bottles (Figure 3). Cells grew on fructose 

robustly and rapidly reached the stationary phase in 36 h, and acetate was the sole fermentation 

product with a high yield of 0.91 g/g without losing any carbon to CO2. C. formicoaceticum could 
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also utilize glycerol or formate as the carbon source for growth, although at a slower growth rate 

compared to that of utilizing fructose, with acetate as the sole product, at a yield of 0.82 g/g and 

0.54 g/g, respectively. It is clear that C. formicoaceticum has the potential for acetate production 

from cheap and abundant industrial byproducts, such as glycerol and syngas. However, no alcohol 

production was observed in fermentation by C. formicoaceticum, which is further elaborated in the 

following section.  

2.4 Acid and solvent production and utilization in C. formicoaceticum 

Acetate formation in C. formicoaceticum is similar to that in C. aceticum (Poehlein et al., 

2015). An ack gene encoding acetate kinase is present in the chromosome (see Table S3). However, 

pta gene encoding phosphotransacetylase is not found. Instead, two ptb genes encoding phosphate 

butyryltransferase are present in its genome. Moreover, four pduL genes encoding phosphate 

propanoyltransferase, which may substitute for pta gene during acetate formation (Liu et al., 2007), 

are present. The first and second pduL genes are clustered with genes encoding ethanolamine-

using proteins, and the third pduL gene is located in the downstream of an ethanolamine-using 

protein. The fourth pduL gene does not show an association with an ethanolamine-using protein 

gene and might play a role in the phosphotransacetylase activity in vivo.  

Ethanol is generated in C. formicoaceticum through acetaldehyde and acetyl-CoA by 

acetaldehyde dehydrogenase encoded by four adhE genes and alcohol dehydrogenase encoded by 

7 adh genes. All four adhE genes are present in a cluster with genes encoding ethanolamine 

utilization proteins (eutM, eutQ, eutN, and eutJ). Such arrangement has also been found in C. 
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ljungdahlii, C. aceticum and other sequenced acetogens (Koepke et al., 2010; Poehlein et al., 2015). 

Due to the toxicity of acetaldehyde for cell, acetyl-CoA reduction via acetaldehyde might be 

reacted in a subcellular, carboxysome-like microcompartment.  

As expected, no hbd, crt, and bcd genes encoding the upper part of butanol biosynthesis 

pathway (3-hydroxybutyryl-CoA dehydrogenase, crotonase, and butyryl-CoA-dehydrogenase) are 

found in the genome of C. formicoaceticum. However, thl encoding thiolase (or named acetyl-CoA 

acetyltransferase) is found to cluster with other CoA transferases (BJL90_20650-BJL90_20665). 

In addition, two pairs of etfA and etfB genes each encoding one subunit of the electron transfer 

flavoprotein are also present. Furthermore, three buk genes encoding butyrate kinase are organized 

in the genome of C. formicoaceticum. The first two buk genes adjoin with a phosphate 

butyryltransferase, representing a gene duplication event. So far, such arrangement is still very 

rare. The third buk gene is individually located in the other cluster. 

Moreover, C. formicoaceticum has been characterized to possess two different reversible 

aldehyde oxidoreductases (aldehyde:ferredoxin oxidoreductase, AOR) (Huber et al., 1994; White 

et al., 1993). One is tungsten-containing AOR and the other is molybdenum-containing AOR. Both 

enzymes reduce non-activated carboxylates (acetate, propionate, butyrate, etc.) to aldehydes with 

reduced ferredoxin at pH 4.0–5.0, and effectively oxidize aldehydes (acetaldehyde, propanal, 

butanal, etc.) to carboxylates with oxidized ferredoxin at pH >5.0. Therefore, under excessive 

reducing equivalent condition, acetate and butyrate hypothetically can be reduced to ethanol and 

butanol, respectively, by AOR and alcohol dehydrogenase. 
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Since alcohol/acetaldehyde dehydrogenases and AORs are present in the genome of C. 

formicoaceticum, acid and solvent production and utilization in C. formicoaceticum were 

compared using ~5 g/L of either acetate, ethanol, butyrate, or butanol as substrate under 

autotrophic conditions. As shown in Figure 4, some ethanol and butanol were converted to acetate 

and butyrate, respectively, at pH 7.0. However, no ethanol or butanol production from acetate or 

butyrate was observed at pH 4.5. Although pH 4.5 was much lower than the optimum pH for 

growth, we expected that C. formicoaceticum could act as biocatalysts at low pH for alcohol 

production from acid. Therefore, except for pH dependent, the state might be more multifaceted. 

As previously reported, A. woodii was able to produce ethanol only at a low phosphate 

concentration (Buschhorn et al., 1989). A low phosphate concentration might be a crucial factor 

required for alcohol production. 

2.5 Energy conservation 

Homoacetogens can be divided into three groups according to their energy conservation. Na+-

dependent acetogens, such as A. woodii, generate ATP via Na+ gradient using a Na+-translocating 

ATPase. H+-dependent acetogens, such as M. thermoacetica, generate proton gradient via 

cytochromes and quinones (Müller, 2003; Pierce et al., 2008). Finally, some acetogens such as C. 

ljungdahlii use the Rnf system for proton gradient generation (Koepke et al., 2010). Some 

homoacetogens such as C. aceticum have both Rnf system and cytochromes, but only use the 

former for energy conservation (Poehlein et al., 2015). 

C. formicoaceticum has been reported to contain cytochrome b and menaquinone (Gottwald 
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et al., 1975). Many genes encoding enzymes for the synthesis of cytochrome c, including 

hemACDBL, hemE, hemZ, ccdA, resA, and CcsB are present in the genome of C. formicoaceticum 

(see Table S1). However, hemG, hemH, and CcsA are not found in its genome. Similar to C. 

aceticum (Poehlein et al., 2015), neither ubiADXE nor tmz encoding for the synthesis of quinones 

is present in the genome of C. formicoaceticum. Furthermore, no quinone-dependent enzyme is 

present in its genome. Therefore, C. formicoaceticum cannot generate a proton gradient via 

cytochrome or quinone.  

Meanwhile, F1F0-type ATPase is present in the genome as a Na+-liganding amino acid motif 

(Meier et al., 2006; Rahlfs et al., 1999). Figure 5A Compares the deduced amino acid sequence 

of F1F0-type ATPase in C. formicoaceticum with other homoacetogens, which shows Pro-28, Gln-

32, Val-63, Thr-66, and Tyr-70 (yellow boxes) as the likely Na+-translocating residues in the ATP 

synthase subunit c genes. In addition, when C. formicoaceticum was grown in heterotrophic and 

autotrophic media, obvious difference in cell growth was observed at different sodium 

concentrations (Figure 5B). As shown in Figure 5C, serious growth defects were observed at a 

Na+ concentration below 20 mM and no cell growth when Na+ concentration was lower than 2 

mM. Therefore, C. formicoaceticum can be regarded as a Na+-dependent homoacetogen. 

Furthermore, the rnfCDGEAB genes encoding subunits of the Rnf-complex are present in C. 

formicoaceticum. However, no genes coding for NAD+-dependent reduced ferredoxin:NADP 

oxidoreductase complex (NfnAB), which is present in C. ljungdahlii and M. thermoacetica (Mock 

et al., 2014), can be identified in the genome of C. formicoaceticum. Therefore, it can be concluded 
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that Na+-dependent C. formicoaceticum uses the F1F0-type ATPase and Rnf system for energy 

conservation. Figure 6 summarizes all important pathways in C. formicoaceticum. 

3. Conclusions 

Comparative genomic analysis of several mixotrophic acetogens identified various genes 

encoding for enzymes involved in CO2/CO fixation, acid/solvent biosynthesis, substrate utilization, 

and energy conservation in C. formicoaceticum ATCC 27076. The genome and fermentation data 

indicate that C. formicoaceticum is a Na+-type mixotrophic homoacetogen and can grow 

heterotrophically on various carbon sources without losing any carbon to CO2. It can grow 

mixotrophically by producing acetate from carbon monoxide or carbon dioxide with hydrogen 

using the Wood-Ljungdahl pathway. Such information not only improves our understanding of 

important genes in C. formicoaceticum, but also facilitates future metabolic engineering of this 

mixotrophic Clostridium for biofuels and chemicals production. 

4. Materials and Methods 

4.1 Bacterial strain, medium, and culture condition 

C. formicoaceticum ATCC 27076 was cultured in 125-mL serum bottles each containing 50 

mL of a modified DSMZ 135 medium (1 g/L NH4Cl, 0.33 g/L KH2PO4, 0.45 g/L K2HPO4, 0.10 

g/L MgSO4·7H2O, 20 mL/L trace element solution, 10 mL/L vitamin solution, 2 g/L yeast extract, 

5 mL/L Na-resazurin solution (0.1% w/v), 0.5 g/L L-cysteine-HCl·H2O, and 4 g/L NaHCO3) at 

37oC under anaerobic conditions. The trace element solution contained (g/L): 1.50 nitrilotriacetic 
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acid, 3.0 MgSO4·7H2O, 1.0 NaCl, 0.50 MnSO4·H2O, 0.10 FeSO4·7H2O, 0.18 CoSO4·7H2O, 0.10 

CaCl2·2H2O, 0.18 ZnSO4·7H2O, 0.01 CuSO4·5H2O, 0.02 KAl(SO4)2·12H2O, 0.01 H3BO3, 0.01 

Na2MoO4·2H2O, 0.01 NiCl2·6H2O, 0.0003 Na2SeO3·5H2O, and 0.0004 Na2WO4·2H2O. The 

vitamin solution contained (mg/L): 2 biotin, 2 folic acid, 10 pyridoxine-HCl, 5 thiamine-

HCl·2H2O, 5 riboflavin, 5 nicotinic acid, 5 D-Ca-pantothenate, 0.1 vitamin B12, 5 p-aminobenzoic 

acid, and 5 lipoic acid. The medium pH was adjusted to 7.6 with NaOH after autoclaving at 121oC 

for 30 min (Huang et al., 1998). For heterotrophic growth, the medium also contained 10 g/L 

fructose, glycerol, or formate as the substrate and the serum bottle was filled with N2 in the head 

space. For autotrophic growth, the serum bottle containing the medium without an organic carbon 

source was filled with CO2/H2 (20:80 vol/vol) in the headspace at 14 psig. The fermentation 

kinetics was studied in serum bottles with 2% (v/v) inoculation and incubated at 37°C for 4 to 5 

days. Samples were taken periodically for monitoring cell growth, acetate production and substrate 

consumption. 

4.2 Sequencing and annotation 

Genomic DNA of C. formicoaceticum was extracted from cells cultured in the modified 

DSMZ 135 medium containing 10 g/L fructose overnight at 37°C and purified using the QIAamp 

DNA minikit (Qiagen, Germany). Genome was sequenced at BGI (Shenzhen, China) using a 

hybrid sequencing approach based on the PacBio RS II platform (Pacific Biosciences, USA) and 

the Illumina HiSeq 4000 platform (Illumina, USA). A total of 69,685 of cleaned sub-reads with a 

mean length of 7,825 bp were assembled with SMRT Analysis version 2.3.0 
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(http://www.pacb.com/products-and-services/analytical-software/smrt-analysis/), resulting in a 

119-fold coverage of the circular chromosome. Meanwhile, the assembled genome was corrected 

with 895 Mbp (195-fold coverage) data using Illumina Hiseq 4000 platform with 125 bp paired-

end reads. Then, the G+C content was calculated according to the genome sequences. Genes 

coding for tRNA, sRNA, and rRNA were identified using tRNAscan (Lowe and Eddy, 1997), 

Rfam (Nawrocki et al., 2015), and RNAmmer (Lagesen et al., 2007), respectively. Gene prediction 

was performed by using Glimmer version 3.02 (Delcher et al., 2007), and gene annotation was 

completed by searching against the Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters 

of Orthologous Groups (COG), SwissProt, and NR databases using BLAST. The clusters of 

regularly interspaced short palindromic repeats (CRISPRs) were detected and confirmed using the 

CRISPRFinder (Grissa et al., 2007). 

4.3 Analytical methods 

Cell growth was monitored by measuring the optical density at 600 nm (OD600) with a 

spectrophotometer. Samples were centrifuged at 10,000 rpm for 10 min and the supernatant was 

stored at -20oC for further analysis. Fructose, glycerol, 1,3-propanediol, formate, acetate, ethanol, 

butanol, and butyrate were quantified using a high-performance liquid chromatography (HPLC) 

system (Shimadzu, Columbia, MD) equipped with a refractive index detector (RID-10A) operated 

at 45oC. The organic acid analysis column (Bio-Rad HPX-87H) was kept at 60oC. 0.05% H2SO4 

was used as the mobile phase with a flow rate of 0.6 mL/min (Yu et al., 2015).  
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4.4 Nucleotide Sequence Accession Number 

The sequence data for C. formicoaceticum ATCC 27076 described here has been deposited in 

GenBank/EMBL/DDBJ database under the accession number CP017603. 
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List of Figures 

Figure 1. Phylogenetic tree of C. formicoaceticum ATCC 27076 and related species. 

Figure 2. Comparison of Wood-Ljungdahl pathway gene clusters in 12 mixotrophic acetogens. (A) 

Alignment of Wood-Ljungdahl pathway gene cluster showing similarity and difference in 

gene order and location in the genomes of 12 mixotrophic acetogens. (B) Wood-Ljungdahl 

pathway gene cluster in C. formicoaceticum. Genes and their encoded enzymes in the 

cluster: acsA2 and cooC, CO dehydrogenase; fhs, formate-tetrahydrofolate (THF) ligase; 

fchA, methenyl-THF cyclohydrolase; fold, methylene-THF dehydrogenase; metV and 

metF1, two subunits of 5,10-methylene-THF reductase; lpdA, dihydrolipoamide 

dehydrogenase; cooC1, CO dehydrogenase maturation factor; acsD and acsC, acetyl-CoA 

decarbonylase/synthase complex subunit δ and subunit γ; acsE, methyltransferase; acsB, 

acetyl-CoA synthase; gcvH, glycine cleavage system protein H; acsV, a ferredoxin. 

Figure 3. Fermentation kinetics of C. formicoaceticum grown on various carbon sources in serum 

bottles. (A) Cell growth monitored as OD600; (B) Acetate production 

Figure 4. Autotrophic cultures of C. formicoaceticum with alcohols or acids as co-substrates. (A) 

Conversion of alcohols to corresponding acids at pH 7.0; (B) No conversion of acids to 

corresponding alcohols at pH 4.5. 

Figure 5. ATP generation via Na+ gradient in C. formicoaceticum. (A) Alignment of the deduced 

amino acid sequences of F1F0-type ATPase in C. formicoaceticum with other mixotrophic 

acetogens showing conserved domain sequence (grey box), Na+-translocating residue 

sequence (yellow box), and H+-translocating residue sequence (red box). CP: C. 

paradoxum, AW: A. woodii, CL: C. ljungdahlii, CA: C. aceticum, CF: C. formicoaceticum; 

(B) Photos showing cell growth as reflected by the density or turbidity in serum bottles 

under heterotrophic (top row in odd number) and autotrophic (bottom row in even number) 

conditions with different Na+ concentrations (M: 0 mM, 1–4: 0.2 mM, 5–8: 2 mM, 9–12: 
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20 mM ); (C) Effects of Na+ concentrations on cell growth under heterotrophic (+) and 

autotrophic (-) conditions. No significant cell growth was observed when the sodium ion 

concentration was below 20 mM, confirming that C. formicoaceticum generates ATP via 

Na+ gradient. 

Figure 6. Metabolic pathways with energy conservation in C. formicoaceticum. EMP pathway for 

heterotrophic growth and Wood-Ljungdahl pathway for autotrophic growth. The grey and 

red boxes represent substrates and products, respectively. 
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Table 1. General features of Clostridium formicoaceticum genome. 

Features ATCC 27076 (CP017603) DSM 92T (CP020559) 

Genome size (bp) 4,586,755  4,586,728 

GC content (%) 35.52  35.53 

Plasmid 0 0 

Total genes 4404 4186 

rRNA  33 33 

16s rRNA  11  

tRNA  134 134 

Genes with predicted 

function 

3280 3062 

Genes encoding for 

hypothetical proteins 

1124 1124 

Putative prophage regions 3 (BJL90_12840-

BJL90_12970, BJL90_13450-

BJL90_13625, BJL90_14195-

BJL90_14350) 

 

CRISPR  2 (BJL90_11215-

BJL90_11250, BJL90_17420-

BJL90_17455) 

 

Reference This study Karl et al., 2017 
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Supplemental Materials 
 

 

 

Clostridium formicoaceticum ATCC 27076 

4,586,755 bp 

 

 

Figure S1. Genomic map representation of the C. formicoaceticum ATCC 27076 chromosome. From the 

outer to inner circle: the first two circles show the coding DNA sequences, tRNA, and sRNA on the plus 

(second circle) and minus (first circle) strand. The third and fourth circles present the deviations of G+C 

content and G+C skew, respectively.  
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Figure S2. The EMP pathway and relevant enzymes and genes in C. formicoaceticum 
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Table S1. Genes associated with motility, chemotaxis, sporulation and energy conservation in Clostridium 

formicoaceticum 

 Gene sequence 

Flagella biosynthesis BJL90_16425-BJL90_16595; BJL90_06615-
BJL90_06625; BJL90_06875-BJL90_06905; 
BJL90_07180-BJL90_07240 

Chemotaxis  BJL90_16430-BJL90_16450; BJL90_02645-
BJL90_02665 

Sporulation 
  Spo0A BJL90_15210 
  Sigma factors σH, σF, σE, σG, σK  BJL90_03905, BJL90_13415, BJL90_17125, 

BJL90_17120, BJL90_14975 
Energy conservation 
Cytochrome c synthesis  
  hemACDBL 
  hemE 
  hemZ 
  ccdA  
  resA 
  CcsB 

BJL90_05815-BJL90_05840 
BJL90_17535-BJL90_17550 
BJL90_14460, BJL90_17950, BJL90_18495 
BJL90_18165 and BJL90_18935 
BJL90_00520 
BJL90_17270- BJL90_17395 

Sodium and proton antiporters BJL90_02060-BJL90_02085, BJL90_12545, 
BJL90_15595, and BJL90_20920 

F1F0-type ATPase BJL90_06530-BJL90_06570 
Rnf-complex rnfCDGEAB BJL90_13870-BJL90_13895 
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Table S2. Genes associated with EMP and HMP pathways in C. formicoaceticum. 

Enzymes in catabolic pathways Gene sequence  

Wood-Ljungdahl pathway BJL90_11075-BJL90_11145 
  Formyltetrahydrofolate synthetase (FTHFS) BJL90_11085 
  Formyl-THF cyclohydrolase BJL90_11090 
  Methylene-THF dehydrogenase BJL90_11110 
  Methylene-THF reductase BJL90_11100-BJL90_11105 
  Formate dehydrogenase BJL90_01750; BJL90_18970-BJL90_18975; 

BJL90_19140 
  Ni/Fe hydrogenases BJL90_07975-BJL90_07980 
  Hydrogenase maturation-factors (HypFCDE) BJL90_07995-BJL90_08010 
  CO dehydrogenase - orphan type BJL90_04040, BJL90_08730, BJL90_10555, 
  CO dehydrogenase complex with ferredoxin 
oxidoreductase 

BJL90_09060-BJL90_09080 

  CO dehydrogenase - electron transport protein BJL90_13810-BJL90_13815; BJL90_18880-
BJL90_18885 

Reductive glycine pathway  
  Dihydrolipoyl dehydrogenase 
  Glycine cleavage system protein H 
  Glycine dehydrogenase 
  Glycine cleavage system protein T 

BJL90_11110 
BJL90_11140 
BJL90_08115 
BJL90_20600 

Serine hydroxymethyltransferase BJL90_14500 
EMP pathway BJL90_19705-BJL90_19725; BJL90_01555-

BJL90_01560 
  Glucose-6-phosphate isomerase BJL90_09920 
  Fructose bisphosphate aldolase  BJL90_20860 
Pentose phosphate pathway  
  Glucose-6-phosphate dehydrogenase and 6-
phosphogluconate dehydrogenase 

BJL90_17470-BJL90_17475 

Fructose catabolism  
  Fructose-specific phosphotransferase (PTS) system  BJL90_12300-BJL90_12305 
  Fructose-1,6-bisphosphate by 1-
phosphofructokinase 

BJL90_12295 

Lactate catabolism  
  Lactate dehydrogenase  BJL90_11200 
  FMN reductase  BJL90_11195 
Glycerol catabolism  
  DHA pathway  
  Glycerol dehydrogenase 
  Dihydroxyacetone kinase 

 
BJL90_00845-BJL90_00850 
BJL90_16785 

  Glycerol-3-phosphate (GLY3P) pathway 
  Glycerol kinase 
  Glycerol-3-phosphate dehydrogenase  

 
BJL90_08780 
BJL90_17045 

Pyruvate biosynthesis  
  Pyruvate: ferredoxin oxidoreductase BJL90_04490, BJL90_04530, BJL90_11055 
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Table S3. Genes associated with acetate, butyrate, and alcohol biosyntheses in C. formicoaceticum. 

Gene Enzyme Gene sequence  

ack Acetate kinase BJL90_16750 
buk Butyrate kinase BJL90_03000, BJL90_03010, 

BJL90_04715 
ptb Phosphate butyryltransferase BJL90_03005, BJL90_11415 
pduL Phosphate propanoyltransferase BJL90_00645, BJL90_07710, 

BJL90_15500, BJL90_17235 
adhE Acetaldehyde dehydrogenase BJL90_00650, BJL90_07695; 

BJL90_15485, BJL90_19995 
adh Alcohol dehydrogenase BJL90_00285, BJL90_00740, 

BJL90_04810, BJL90_09340, 
BJL90_09385, BJL90_18520, 
BJL90_21220 

aor Aldehyde:ferredoxin oxidoreductase BJL90_04740, BJL90_11360 
thl Thiolase (or acetyl-CoA acetyltransferase) BJL90_20650 
etfA, etfB Electron transfer flavoprotein BJL90_04465-BJL90_04470, 

BJL90_07615-BJL90_07610 

No hbd, crt, and bcd genes encoding the upper part of butanol biosynthesis pathway (3-hydroxybutyryl-

CoA dehydrogenase, crotonase, and butyryl-CoA-dehydrogenase) can be found in the genome.  

 


