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Insight, innovation, integration 

 

Moorella thermoacetica is a thermophilic acetogen that employs the Wood-Ljungdahl pathway 

of CO2-fixation for converting a range of gaseous substrates and organic compounds into acetyl-

CoA — a critical precursor for biological production of various commodity chemicals. Thus, M. 

thermoacetica is very promising to use as a biological chassis for industrial biotechnology 

applications. In this paper, we describe the construction of a genome-scale constraint-based 

model of M. thermoacetica metabolism that help elucidate its metabolic potentials and 

limitations, as well as the energy conservation process during autotrophy. Most importantly, the 

genome-wide model now provides a platform to design and engineer efficient microbial cell 

factories using M. thermoacetica. 
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Abstract 

 

Moorella thermoacetica is a strictly anaerobic, endospore-forming, and metabolically versatile 

acetogenic bacterium capable of conserving energy by both autotrophic (acetogenesis) and 

heterotrophic (homoacetogenesis) modes of metabolism. Its metabolic diversity and the ability to 

efficiently convert a wide range of compounds, including syngas (CO2 + H2) into acetyl-CoA 

have made this thermophilic bacterium a promising host for industrial biotechnology 

applications. However, lack of detailed information on M. thermoacetica’s metabolism is a 

major impediment to its use as a microbial cell factory. In order to overcome this issue, a 

genome-scale constraint-based metabolic model of Moorella thermoacetica, iAI558, has been 

developed using its genome sequence and physiological data from published literature. The 

reconstructed metabolic network of M. thermoacetica comprises 558 metabolic genes, 705 

biochemical reactions, and 698 metabolites. Of the total 705 model reactions, 680 are gene-

associated while the rest are non-gene associated reactions. The model, in addition to simulating 

both autotrophic and heterotrophic growth of M. thermoacetica, revealed degeneracy in its TCA-

cycle, a common characteristic of anaerobic metabolism. Furthermore, the model helped 

elucidate the poorly understood energy conservation mechanism of M. thermoacetica during 

autotrophy. Thus, in addition to generating experimentally testable hypotheses regarding its 

physiology, such a detailed model will facilitate rapid strain designing and metabolic engineering 

of M. thermoacetica for industrial applications. 
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Introduction 

Acetogenesis is the microbial metabolic process of acetate formation from carbon dioxide (CO2) 

and hydrogen (H2) through a metabolic pathway called the reductive acetyl-CoA pathway, also 

known as the Wood-Ljungdahl pathway (WLP)1, 2. Unlike other prokaryotic CO2-fixing 

pathways, the reductive acetyl-CoA pathway is the most simplified, efficient, and only linear 

pathway to synthesize acetyl-CoA from CO2 without requiring any recycled intermediates3-5. 

Although many organisms, including methanogens, sulfate reducing bacteria, and methanogenic 

euryarchaeota, use this ancient autotrophic pathway for CO2-fixation or acetate-oxidation, only 

acetogens — a group of obligate anaerobic bacteria — use WLP for simultaneous assimilation of 

CO2 into cell-biomass and ATP generation to conserve energy by converting acetyl-CoA to 

acetate3, 4. Acetogens are also capable of conserving energy and producing acetate as an 

exclusive fermentation product from sugars, including glucose, fructose, and xylose, via WLP by 

a process termed homoacetogenesis6, 7. Thus, acetogens can conserve energy by both electron 

transport phosphorylation and substrate level phosphorylation1, 2. This versatility in energy 

conservation processes, together with their capability of using a wide range of organic and 

inorganic compounds as electron donors and acceptors, enable them to play critical roles in many 

diverse ecosystems, such as soils, sediments, sludge, and intestinal tracts of termites and 

humans1-3. 

 

Moorella thermoacetica (formerly Clostridium thermoaceticum8) is a strictly anaerobic, spore-

forming, thermophilic, Gram-positive acetogen that has been extensively studied as a model 

organism for over 50 years to identify and characterize the enzymes of WLP2, 9-14. M. 

thermoacetica uses a wide variety of electron donors and acceptors, including H2, CO2, CO, 
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sugars, alcohols, organic acids, methoxylated aromatic compounds, nitrate, nitrite, thiosulfate, 

and dimethylsulfoxide 1-3. Its metabolic diversity and the ability to efficiently convert syngas 

(CO2 + H2) into acetyl-CoA have made this thermophilic bacterium a promising host for 

industrial biotechnology. In order to harness and utilize M. thermoacetica’s diverse metabolic 

capabilities to engineer platform strains for bio-based industrial applications, detailed 

information on its metabolic characteristics is an essential necessity. Moreover, the metabolic 

potentials and possible metabolic bottlenecks of this organism are not well-understood despite 

having extensive research on M. thermoacetica physiology1-3, 15. Also, the energy conserving 

mechanism of this bacterium during autotrophy, although many details only have recently been 

discovered16-20, is still debatable. To investigate these issues in details, a genome-scale 

constraint-based metabolic model of an organism using the constraint-based reconstruction and 

analysis (COBRA) approach21-24 is very useful. COBRA utilizes the flux balance analysis (FBA) 

technique25, 26 to quantitatively simulate and analyze the metabolic potentials and phenotypes of 

an organism using its metabolic network reconstructed from a plethora of the organism specific 

information. Although such a systems-level model is available for another acetogen, Clostridium 

ljungdahlii, no genome-scale model has been developed for M. thermoacetica to date.  

 

Herein, we describe the construction of a genome-wide constraint-based metabolic model, 

iAI558, for Moorella thermoacetica. The model primarily is based on the organism’s genome 

sequence, and was extensively curated using experimental growth data and published literature 

regarding its physiology. We used the model to characterize M. thermoacetica’s metabolic 

phenotypes on H2, CO2, CO, methanol, glucose, fructose, and xylose. The model was also 

compared with the published model of C. ljungdahlii27 to identify the differences in central 
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metabolic processes between these acetogens. Additionally, the metabolic genes involved in M. 

thermoacetica’s energy metabolism were compared with those of the three other related 

clostridial species — Clostridium acetobutylicum, Clostridium cellulolyticum, Clostridium 

thermocellum — and another acetogen, Acetobacterium woodii. Finally, the model was used to 

obtain a better understanding of the unresolved energy conserving mechanism of M. 

thermoacetica during its autotrophic metabolism. 

 

Materials and methods 

 

Generation of a draft metabolic model for Moorella thermoacetica 

Using the publicly accessible M. thermoacetica genome sequence28, the reconstructed metabolic 

network and a draft metabolic model for the bacterium were automatically generated using the 

rapid annotation using subsystem technology (RAST) annotation server29 and the Model SEED 

platform30 in SEED31— a freely accessible, comprehensive web-based environment for 

performing comparative genomic analyses and developing highly curated genomic data (Figure 

1). First, the genome-sequence of M. thermoacetica was uploaded into RAST, which re-

annotated the genome using information from the curated SEED database31. Then, Model SEED 

generated a preliminary reconstructed network using the RAST annotations and other published 

genome-scale reconstructions in SEED, as well as a template biomass reaction30. This 

preliminary network included network gaps, i.e., missing reactions for producing all precursor 

metabolites present in the biomass reaction. The gaps were reconciled during the auto 

completion stage30 by adding necessary intracellular and transport reactions to generate an 

analysis-ready model. This analysis-ready draft model was capable of simulating M. 
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thermoacetica growth using FBA. However, this draft model, as well as the reconstructed 

network, required extensive manual curation because it included a template biomass reaction 

from SEED, which was not specific to the biomass composition of M. thermoacetica. 

 

Determination of Moorella thermoacetica biomass composition 

The detailed biomass composition, including the amount of all cellular macromolecules, such as 

amino acids, DNA, RNA, fatty acids, and lipids, of M. thermoacetica was generated from its 

genome sequence, biochemical database, and published literature describing its cellular 

compositions and physiology (see Tables S2 – S9 in the supplementary information 1). The 

overall percentage composition of macromolecules in the M. thermoacetica cell was assumed to 

be similar to the Bacillus subtilis cell, and was obtained from the genome-scale Bacillus subtilis 

model32 as both M. thermoacetica and B. subtilis are Gram-positive bacteria. The detailed 

composition of all 20 amino acids, DNA, and RNA was estimated from the M. thermoacetica 

genome sequence28, while the composition of fatty acids was obtained from published 

literature33. Due to the lack of M. thermoacetica-specific data, the compositions of cell-wall, 

lipids, and other ions and cofactors were assumed to be the same as the Bacillus subtilis model32. 

The non-growth associated maintenance (NGAM) parameter was estimated from the 

experimental growth rate and yield (see text in the supplementary information 1 for details) of M. 

thermoacetica on glucose, and the growth-associated maintenance (GAM) parameter was 

iteratively determined using model simulations. All compositions were calculated using the basis 

of one gram dry cell weight. 
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Curation of the draft metabolic model of Moorella thermoacetica 

Extensive curation of the draft metabolic model of M. thermoacetica was achieved by following 

the steps shown in Figure 1. First, the naming of model reactions and metabolites was changed 

from the Model SEED notations to the BiGG database34 notations to make them consistent with 

other curated and published genome-scale models. This conversion process involved the 

mapping of metabolites and reactions between SEED and BiGG using the BiGG notations as 

keys. The SEED metabolites and reactions not found in BiGG were manually changed to BiGG 

notations in the model. The conversion to BiGG notations also helped check the consistency of 

metabolites and reactions included in the model. Next, the template biomass reaction in the draft 

model was replaced with the M. thermoacetica-specific one containing all biomass compositions, 

including the NGAM and GAM parameters estimated earlier. Then, FBA was used to generate 

all biomass precursors using the M. thermoacetica minimal growth medium3 and the 

reconstructed metabolic network. This improved network was further curated by reconciling with 

published models of related clostridial species (C. ljungdahlii27, C. acetobutylicum35, C. 

cellulolyticum36, and C. thermocellum37). The M. thermoacetica genome was compared with the 

genomes of A. woodii38, C. ljungdahlii39, C. acetobutylicum40, C. cellulolyticum41, and C. 

thermocellum41 to check the correctness of gene-annotations in the reconstructed network using 

homology-based inference techniques such as BLAST42 and phylogenetic profiling43. 

Annotations of the experimentally characterized M. thermoacetica metabolic genes, as well as 

the ones homologous to all compared genomes, were given high confidence; the metabolic genes 

found in all acetogens only were given medium confidence, while low confidence was assigned 

to metabolic genes present only in M. thermoacetica. Once this curated metabolic network was 

capable of generating all biomass precursors in the minimal medium, both autotrophic and 
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heterotrophic modes of metabolism of M. thermoacetica were simulated using the genome-wide 

metabolic model. 

 

In silico analysis of Moorella thermoacetica metabolism 

FBA was used for in silico analysis and simulation of M. thermoacetica autotrophic growth on 

H2, CO2, CO, and methanol and heterotrophic growth on glucose, fructose, and xylose. The 

COBRA toolbox44 was used for FBA implementation, and all simulations were conducted in 

MATLAB (the MathWorks Inc., Natick, MA) using the IBM ILOG® CPLEX 12.5.1 

optimization solver. The model reactions and genes, as well as the details of constraints used to 

simulate M. thermocaetica growth with iAI558, is provided in Tables 3 – 5 in the supplementary 

information 2. Two sbml model files (iAI558_co2_h2.xml and iAI558_glucose.xml) are also 

provided in the supplementary data. 

 

Results and discussion 

 

Moorella thermoacetica reconstructed metabolic network 

The reconstructed metabolic network of M. thermoacetica, also denoted as iAI558 according to 

the established naming convention45, comprises 558 metabolic genes, representing 22% genes of 

a genome of 2.6 Mbp (Table S1 in the supplementary information 1). In total, the network 

includes 705 biochemical reactions, of which 680 are gene-associated reactions while 25 are 

non-gene associated; non-gene associated reactions are either spontaneous and diffusion 

reactions (10 in total), or added to the network during the gap-filling procedure (15 reactions) to 

produce biomass precursor metabolites. In addition to the biomass demand reaction containing 
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M. thermoacetica-specific biomass compositions, the network also comprises 59 exchange 

reactions, including components of the in silico minimal growth medium (Table 1) and 

transporters. To have a better understanding of M. thermoacetica metabolic processes, the 

biochemical reactions of iAI558 were further categorized based on the metabolic pathways, also 

known as model subsystems, in which they were involved. For instance, reactions involved in 

glycolysis/gluconeogenesis, the tricarboxylic acid (TCA)-cycle, the pentose phosphate pathway, 

and carbohydrate metabolism were referred to as “central carbon metabolism” reactions, while 

reactions involved in vitamins and cofactors synthesis were included in the “cofactor 

metabolism” category. This classification of metabolic reactions led to the identification of 9 

model subsystems in the M. thermoacetica metabolic model (Figure 2). The subsystem “cofactor 

metabolism” has the highest number of reactions followed by “amino acid metabolism” and 

“lipid metabolism” (Figure 2). The fact that M. thermoacetica can generate a wide variety of 

corrinoids11, 46 probably results in the highest number of reactions in the cofactor metabolism 

category. 

 

Comparative analysis of Moorella thermoacetica metabolism 

The M. thermoacetica genome sequence was compared with the genomes of two other model 

acetogens and three related clostridial species (Figure S1 in the supplementary information 1) 

during the construction of iAI558. The comparative analysis showed that C. ljungdahlii has the 

highest number (1034) of M. thermoacetica orthologs followed by C. cellulolyticum with 879 

orthologous genes. Both A. woodii and C. thermocellum include 854 orthologs, while C. 

acetobutylicum has the lowest number of orthologous genes (829) among the 5 genomes 

compared (Figure S1 in the supplementary information 1). Thus the presence of only 41% (1034 
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of 2523) and 34% (854 of 2523) orthologous genes in C. ljungdahlii and A. woodii suggests the 

different nature of M. thermoacetica metabolism in spite of all being acetogens. This difference 

is further evident from the presence of only ~300 orthologous metabolic genes in C. ljungdahlii 

and A. woodii (Figure S1 in the supplementary information 1) out of 558 M. thermoacetica 

metabolic genes. Because WLP/ the reductive acetyl-CoA pathway is a characteristic feature of 

all acetogens2, 11, 20, the genes involved in the pathway should be conserved among them. 

 

However, a comparison of the M. thermoacetica genes involved in WLP and autotrophic energy 

metabolism showed that not all genes are conserved among the 5 genomes compared, including 

the 2 acetogens (Figure 3). Out of the total 46 M. thermoacetica genes, only 23 are orthologous 

to A. woodii while C. ljungdahlii includes 18 orthologs. Among the other three clostridial 

species, C. cellulolyticum and C. thermocellum possess 17 and 14 orthologs, respectively, but C. 

acetobutylicum has only 7 (Figure 3). Notably, no orthologs were identified for 11 M. 

thermoacetica genes: Moth_1193, Moth_1195, and Moth_1196 encoding a putative electron 

bifurcating 5, 10-methylenetetrahydrofolate reductase; Moth_2312 encoding a formate 

dehydrogenase; Moth_1181 encoding a phosphotransacetylase; Moth_0451, Moth_0452, 

Moth_2185, Moth_2189, and Moth_2195 encoding a putative proton-translocating ferredoxin 

hydrogenase; and Moth_1885 encoding an NADP+-reducing hydrogenase (Figure 3). Due to this 

unique gene repertoire, the encoded enzymes involved in WLP and autotrophic energy 

metabolism in M. thermoacetica are different from C. ljungdahlii and A. woodii. For instance, 

the formate dehydrogenase in M. thermoacetica is NADP+-specific11, 28, but the substrate 

specificity of the enzyme is different in C. ljungdahlii39 and A. woodii38. Also, M. thermoacetica 

has a putative proton-translocating, energy-converting hydrogenase (Ech) complex/ formate-
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hydrogen lyase complex16, 17 involved in energy conservation23, while C. ljungdahlii and A. 

woodii contain the energy-conserving Rnf complex instead20, 47. 

 

Interestingly, orthologs for only 3 genes were identified in all genomes and these included 

Moth_0109 (formate-tetrahydrofolate ligase), Moth_0940 (acetate kinase), and Moth_1516 

(bifunctional 5, 10-methenyltetrahydrofolate cyclohydrolase/ 5, 10-methylenetetrahydrofolate 

dehydrogenase); this finding suggests a potential involvement of these genes in other metabolic 

functions apart from WLP. In fact, both Moth_0109 and Moth_1516 are also required for folate 

biosynthesis, while Moth_0940 is involved in pyruvate metabolism. Despite having a number of 

WLP genes, the absence of orthologs for Moth_1197 (5-methyltetrahydrofolate corrinoid iron-

sulfur protein methyltransferase), and Moth_1198 – Moth_1203 (carbon monoxide 

dehydrogenase/ acetyl-CoA synthase complex) (Figure 3) is possibly responsible for not having 

a functional WLP in other clostridial genomes, except in C. ljungdahlii. Thus the metabolic gene 

repertoire and hence the metabolism of M thermoacetica, although shares similarity with the 5 

genomes compared, is quite different. 

 

Comparison of the M. thermoacetica model (iAI558) with the C. ljungdahlii model (iHN637) 

We compared iAI558 with the recently published genome-scale model of C. ljungdahlii, 

iHN63727 to obtain an in-depth look at the metabolic differences between these model acetogens. 

Although the C. ljungdahlii genome has 1.7 times more protein coding genes than M. 

thermoacetica (4184 genes39 vs. 2523 genes28) and iHN637 contains more metabolic genes than 

iAI558, the latter actually contains and predicts functions for more metabolic genes (22% or 558 

of 2523) than the former (15% or 637 of 4184) from the perspective of respective genomes. 
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Thus, M. thermoacetica is metabolically more diverse than C. ljungdahlii even though the C. 

ljungdahlii genome is nearly twice as big (4.63 Mbp39 vs 2.62 Mbp28) as the M. thermoacetica 

genome. The metabolic versatility of M. thermoacetica is further evident from the range of 

compounds it can use as electron donors and acceptors2, 3 to support its growth. However, the 

developed model cannot use all growth supporting compounds to simulate M. thermoacetica 

metabolism because pathway-level details are available only for a few substrates, including H2, 

CO2, CO, sugars (glucose, fructose, and xylose), and methanol2, 3, 11, 28. 

 

Both M. thermoacetica and C. ljungdahlii employ WLP during the autotrophic mode of 

metabolism; however, the potential energy-conserving mechanism during autotrophy is 

different20 in these organisms due to the difference in involved enzymes. As described in 

iHN63727, C. ljungdahlii requires a proton-translocating Rnf complex reaction during its 

autotrophic growth, while a proton-translocating Ech complex reaction is essential for iAI558 to 

simulate M. thermoacetica’s autotrophic growth. Also, both models contain two electron-

bifurcating-type transhydrogenase reactions (FRNDPRr and HYDFDNr); although both 

reactions are NADP+-dependent in iHN63727, one is NADP+-dependent (FRNDPRr) and the 

other is NAD+-dependent (HYDFDNr) in iAI558. Notably, only the M. thermoacetica enzymes 

catalyzing these reactions were experimentally characterized16, 18. Comparison of the central 

metabolic pathways revealed the presence of complete glycolysis/ gluconeogenesis and pentose 

phosphate pathways, but a degenerate TCA-cycle in both M. thermoacetica and C. ljungdahlii 

models (Figure 4); the nature of degeneracy is different though. The M. thermoacetica TCA-

cycle is missing the fumarate reductase (FRD) reaction, while the succinyl-CoA synthetase 

(SUCOAS) and 2-oxoglutarate synthase (OOR) reactions are absent from the C. ljungdahlii 
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TCA-cycle (Figure 4) due to missing genes in respective genomes. Thus, the degenerate TCA-

cycle in both models provides only the precursors for biosynthetic or anabolic reactions without 

any participation in catabolic ATP generation. 

 

Model-based simulation of Moorella thermoacetica growth 

The genome-scale model of M. thermoacetica, iAI558 was used to simulate the bacterium’s 

autotrophic growth on H2, CO2, CO, and methanol, and heterotrophic growth on glucose, 

fructose, and xylose, as well as the ATP production rate and yield on these substrates (Figure 5). 

The model simulations were conducted using the in silico minimal medium (Table 1), and the 

simulated growth rates were compared with the available experimental growth data (Figure 5A) 

of M. thermoacetica in an actual minimal medium15. The sbml files of both autotrophic and 

heterotrophic models (iAI558_co2_h2.xml and iAI558_glucose.xml) are presented in the 

supplementary data. The model was first trained to simulate the growth rate on glucose using the 

experimental data15, and then used to predict the growth rates on other substrates. The predicted 

growth rates on H2-CO2 and CO are similar to the experimental data (Figure 5A), which 

indicates the model’s capability to simulate the organism’s growth behavior on different 

substrates. Notably the growth rate and yield, as well as the ATP production rate and yield are 

the highest on CO among the autotrophic substrates (Figure 5A and 5B) because iAI558 uses the 

carbon monoxide dehydrogenase (CODH) reaction to generate extra reducing equivalents 

(reduced ferredoxin) only when CO is used as growth substrate. Clearly, the autotrophic growth 

rates and yields of M. thermoacetica are slower than those in the heterotrophic mode (Figure 5A) 

because less ATP is produced in the former mode of metabolism than the latter (Figure 5B). This 
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phenomenon can be further clarified from analyzing the model simulated flux data as discussed 

in the following section. 

 

The predicted reaction fluxes for M. thermoacetica, generated using iAI558 during the 

autotrophic growth on H2-CO2 and heterotrophic growth on glucose, were analyzed and showed 

in Figures 6 and 7, respectively. During autotrophy, M. thermoacetica metabolizes H2-CO2 

primarily using WLP, and gluconeogenesis supersedes the glycolytic process in the central 

metabolism (Figure 6); hence, fluxes through these reactions are higher (Figure 6) than the other 

central metabolic reactions. M. thermoacetica generates no net ATP through WLP; rather it 

requires ATP for gluconeogenesis (Figure 6) during the autotrophic growth. Thus, it generates 

ATP using only the ATP synthase (ATPS4r) reaction (Figure 6) through the chemiosmotic 

mechanism48, 49, and the proton (H+) gradient required for ATPS4r to work is generated by the 

translocation of one proton (H+) by the ferredoxin hydrogenase (FRHD) reaction (Figure 6). The 

model, therefore, shows that M. thermoacetica conserves energy by electron transport 

phosphorylation (ETP) or anaerobic respiration during its autotrophic mode of metabolism. Since 

ETP is less efficient in ATP generation than substrate level phosphorylation (SLP)50-52, M. 

thermoacetica generates less energy and grows slower than that observed during its heterotrophic 

growth. 

 

On the other hand, glycolysis is the dominant process as indicated by higher fluxes through these 

reactions (Figure 7) during M. thermoacetica’s heterotrophic growth on glucose using iAI558. 

Interestingly, higher fluxes are also observed through the WLP reactions indicating their 

essentiality in M. thermoacetica’s metabolism even during heterotrophy. The degenerate TCA-
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cycle cannot produce ATP; so as the ATP synthase reaction (ATPS4r) due to the lack of H+ 

gradient in the absence of H2. However, this deficiency is obviated by sufficient ATP production 

through SLP using the glycolytic reactions (Figure 7). Since SLP or glucose fermentation 

produces more ATP than ETP, the heterotrophic growth of M. thermoacetica is faster than its 

autotrophic growth. In fact, the higher efficiency of glycolytic reactions in ATP production 

during sugar fermentation by M. thermoacetica is further evident from much higher ATP yields 

on glucose, fructose, and xylose than on one carbon substrates (Figure 5B). These results again 

corroborate the notion that fermentation is more efficient than anaerobic respiration or ETP50-52. 

The sbml files of iAI558 (iAI558_co2_h2.xml and iAI558_glucose.xml) for simulating the 

described results are given in the supplementary data. 

 

Insights into the energy conservation mechanism during autotrophy in Moorella 

thermoacetica using iAI558 

The energy conservation mechanism of M. thermoacetica during its autotrophic growth on one 

carbon compounds is not well-understood yet. M. thermoacetica employs WLP during 

autotrophy, but the pathway generates no net ATP as discussed before. Thus, it is conceivable 

that the organism requires an electron transport chain (ETC) to generate ATP through ETP. 

However, the structure of ETC and the corresponding energy conservation mechanism are still 

debatable. Although the M. thermoacetica genome encodes cytochrome and menaquinone28, 53, 54, 

apparent thermodynamic limitations17 of these membrane-bound electron carriers make them 

unlikely to be a part of the potential M. thermoacetica ETC. The genome also encodes genes for 

a putative energy-converting hydrogenase (Ech) complex28, which likely can also function as a 

putative formate-hydrogen lyase complex16, 17 due to the proximity to a formate dehydrogenase 
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gene28. Based on these gene-annotations, two energy conservation mechanisms have been 

proposed17, 20 so far, and we used iAI558 to analyze their feasibility for ATP generation in the 

model (Figure 8). 

 

The first mechanism, proposed by Mock et al11, included a formate-hydrogen lyase (FHL) and a 

methylene-tetrahydrofolate reductase (MTHFR) reaction (Figure 8A), where the coupling of a 

membrane-integral FHL with an electron-bifurcating MTHFR helps translocate two protons out 

of the cell membrane to generate proton gradient for ETP. The two electron-bifurcating 

transhydrogenase reactions — electron bifurcating ferredoxin: NAD hydrogenase (HYDFDNr) 

and electron bifurcating ferredoxin: NADP oxidoreductase (FRNDPRr) — also play essential 

roles in autotrophic energy conservation as H2 is oxidized by HYDFDNr in M. thermoacetica16, 

18. To investigate how this mechanism generates ATP in iAI558 on H2 and CO2 as growth 

substrates, we conducted model simulations by allowing only CO2 and H2 exchange fluxes to 

vary. The results showed no change in ATP flux with the change in CO2 and H2 exchange fluxes 

(Figure 8A). 

 

In a recent review, Schuchmann and Muller20 discussed the second hypothetical mechanism of 

the M. thermoacetica ETC. According to this mechanism, the ferredoxin hydrogenase (FRHD) 

reaction (Figure 8B) catalyzed by the Ech complex translocates four protons and couples with 

electron-bifurcating MTHFR, in which an oxidized ferredoxin is assumed to be its second 

electron acceptor20 (Figure 8B). This mechanism also proposed different reaction stoichiometries 

for the HYDFDNr reaction (Figure 8B) than that used in the first mechanism. Simulation of ATP 

production using this mechanism in iAI558 on CO2 and H2 substrates also illustrated that ATP 
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fluxes are independent of the change in availability of CO2 and H2 in the medium. Thus, both the 

proposed mechanisms seemed to be incompatible with iAI558 to simulate ATP production and 

energy conservation during M. thermoacetica’s autotrophic growth. 

 

However, the second mechanism of ETC worked for iAI558 only when stoichiometries of the 

FRHD and HYDFDNr reactions were changed to be different from the previous case (Figure 

8C). The ratio of translocated H+/ produced H2 of the Ech complex remains the same as proposed 

originally55, but the FRHD reaction now translocates one proton instead of four, and the 

HYDFDNr reaction uses the same stoichiometries as mentioned in the first mechanism. The 

model simulations showed a linear increase in ATP production with the increased supply of CO2 

and H2 in the medium (Figure 8C). These results, therefore, suggest that the two previously 

proposed mechanisms actually make the M. thermoacetica ETC so efficient that the model can 

generate sufficient ATP without the requirement of any growth substrate due to creating 

thermodynamically infeasible cycles (see Tables 1 and 2 in the supplementary information 2). 

This scenario changes only when the reaction stoichiometries for the second mechanism were 

changed to be compatible with iAI558. Thus, a genome-scale constraint-based model is quite 

useful to obtain better insights into the disputable ETC mechanisms of the well-studied M. 

thermoacetica. 

 

Conclusions 

Construction of the genome-wide metabolic model for M. thermoacetica helped obtain a 

systems-level understanding of its metabolism. The predictive capability of the model was tested 

by comparing the organism’s in silico autotrophic and heterotrophic growth rates with the 
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experimental growth data. In spite of significant uncertainties and debate, model-based analysis 

of the proposed ETC mechanisms suggests a feasible energy conservation process for M. 

thermoacetica during autotrophy. Although no strain-design strategies for metabolic engineering 

of M. thermoacetica were discussed and analyzed here, the developed model can now be 

leveraged to materialize such initiatives. In addition, the model predictions can be used to 

explore new research opportunities. For instance, the degenerate nature of the TCA-cycle, as 

well as the suggested stoichiometries for the possible M. thermoacetica ETC reactions can be 

tested using the 13C-labelled flux analysis technique. Also, further experimental information on 

M. thermoacetica growth on other substrates apart from those discussed in this paper can help 

extend, modify, and validate iAI558. In addition to generating experimentally testable 

hypotheses regarding its physiology, such a detailed model will be instrumental in expediting the 

design of useful metabolic engineering strains of M. thermoacetica suitable for industrial 

applications. 
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Figure legends 

Figure 1. M. thermoacetica metabolic model (iAI558) development procedure. The model 
development steps can be broadly divided into two categories: model generation and model 
curation. The steps included in model generation are automatic, while both automatic and 
manual steps are involved in model curation. See text for details. 
 
Figure 2. M. thermoacetica metabolic model (iAI558) subsystems. The reactions of iAI558 are 
categorized into 9 model subsystems based on the metabolic pathways in which the reactions are 
involved. Each colored ribbon indicates the relationship between the number of reactions and a 
model subsystem in this circos56 figure. The “cofactor metabolism” subsystem contains the 
highest number of model reactions followed by the “amino acid metabolism” and “lipid 
metabolism” subsystems. 
 
Figure 3. Comparative analysis of the Wood-Ljungdahl pathway (WLP) genes of M. 
thermoacetica. The sequences of 46 M. thermoacetica genes involved in WLP and autotrophic 
metabolism were compared to 2 acetogens and 3 related clostridial genomes using BLAST42 and 
phylogenetic profiling43. The M. thermoacetica genes are shown on the right side of the circle, 
and the genomes are placed on the left. The identified ortholog of an M. thermoacetica gene in a 
genome is represented by linking that gene to the corresponding genome by a colored ribbon in 
this circos56 figure. 
 
Figure 4. Central metabolic pathways of M. thermoacetica and C. ljungdahlii. The 
differences in the central carbon metabolism of M. thermoacetica and C. ljungdahlii are 
identified only in the degenerate TCA-cycle. The reactions and metabolites are denoted by the 
upper case and lower case letters, respectively. Abbreviations: r5p, ribose-5-phosphate; RPI, 
ribose-5-phosphate isomerase; ru5p-D, ribulose-5-phosphate; RPE, ribulose-5-phosphate-3-
epimerase; xu5p-D, xylulose-5-phosphate; TKT1, transketolase; s7p, sedoheptulose-7-phosphate; 
g3p, glyceraldehyde-3-phosphate; TALA, transaldolase; f6p, fructose-6-phosphate; TKT2, 
transketolase; e4p, erythrose-4-phosphate; glc-D, glucose; atp, ATP; adp, ADP; HEX1, 
hexokinase; g6p, glucose-6-phosphate; PGI, glucose-6-phosphate isomerase; PFK, 
phosphofructokinase; fdp, fructose-1-6-bisphosphate; FBA, fructose-bisphosphate aldolase; 
dhap, dihydroxy-acetone-phosphate; TPI, triose-phosphate isomerase; g3p, glyceraldehyde-3-
phosphate; GAPD, glyceraldehyde-3-phosphate dehydrogenase; nad, NAD; nadh, NADH; 
13dpg, 3-phospho-D-glyceroyl-phosphate; PGK, phosphoglycerate kinase; 3pg, 3-Phospho-D-
glycerate; PGM, phosphoglycerate mutase; 2pg, D-glycerate-2-phosphate; ENO, enolase; pep, 
phosphoenolpyruvate; PYK, pyruvate kinase; pyr, pyruvate; PC, pyruvate carboxylase; oaa, 
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oxaloacetate; CS, citrate synthase; cit, citrate; ACONTa, aconitase/citrate hydro-lyase; acon, 
aconitase; ACONTb, aconitase/isocitrate hydro-lyase; icit, isocitrate; ICDH, isocitrate 
dehydrogenase; akg, 2-oxoglutarate; OOR, 2-oxoglutarate synthase; fdxox, oxidized ferredoxin; 
fdxrd, reduced ferredoxin; succoa, succinyl-CoA; SUCOAS, succinyl-CoA synthetase; succ, 
succinate; FRD, fumarate reductase; fum, fumarate; FUM, fumarase; mal-L, L-malate; and 
MDH, malate dehydrogenase. 
 
Figure 5. M. thermoacetica growth and ATP simulation with iAI558. M thermoacetica in 
silico growth rates and yields (A), and ATP production rates and yields (B) were simulated with 
iAI558 using the COBRA toolbox44. The simulated growth rates were compared with the 
available experimental growth data15 shown as an inset of (A). 
 
Figure 6. M. thermoacetica autotrophic growth simulation. The simulated reaction-fluxes 
during the autotrophic growth of M. thermoacetica are visualized by heat maps on an abridged 
version of its metabolic network. The reactions and metabolites are denoted by the upper case 
and lower case letters, respectively. Abbreviations: r5p, ribose-5-phosphate; RPI, ribose-5-
phosphate isomerase; ru5p-D, ribulose-5-phosphate; RPE, ribulose-5-phosphate-3-epimerase; 
xu5p-D, xylulose-5-phosphate; TKT1, transketolase; s7p, sedoheptulose-7-phosphate; g3p, 
glyceraldehyde-3-phosphate; TALA, transaldolase; f6p, fructose-6-phosphate; TKT2, 
transketolase; e4p, erythrose-4-phosphate; glc-D, glucose; EX_glc-D(e), glucose exchange; atp, 
ATP; adp, ADP; HEX1, hexokinase; g6p, glucose-6-phosphate; PGI, glucose-6-phosphate 
isomerase; FBP, fructose-1,6-bisphosphatase; fdp, fructose-1,6-bisphosphate; FBA, fructose-
bisphosphate aldolase; dhap, dihydroxy-acetone-phosphate; TPI, triose-phosphate isomerase; 
g3p, glyceraldehyde-3-phosphate; GAPD, glyceraldehyde-3-phosphate dehydrogenase; nad, 
NAD; nadh, NADH; 13dpg, 3-phospho-D-glyceroyl-phosphate; PGK, phosphoglycerate kinase; 
3pg, 3-Phospho-D-glycerate; PGM, phosphoglycerate mutase; 2pg, D-glycerate-2-phosphate; 
ENO, enolase; pep, phosphoenolpyruvate; PPCK, phosphoenolpyruvate carboxykinase; pyr, 
pyruvate; PC, pyruvate carboxylase; oaa, oxaloacetate; CS, citrate synthase; cit, citrate; 
ACONTa, aconitase/citrate hydro-lyase; acon, aconitase; ACONTb, aconitase/isocitrate hydro-
lyase; icit, isocitrate; ICDH, isocitrate dehydrogenase; akg, 2-oxoglutarate; OOR, 2-oxoglutarate 
synthase; fdxox, oxidized ferredoxin; fdxrd, reduced ferredoxin; succoa, succinyl-CoA; 
SUCOAS, succinyl-CoA synthetase; succ, succinate; FRD, fumarate reductase; fum, fumarate; 
FUM, fumarase; mal-L, L-malate; MDH, malate dehydrogenase; co2, carbon dioxide; 
EX_co2(e), carbon dioxide exchange; for, formate; FDH, formate dehydrogenase; thf, 
tetrahydrofolate; FTHFL, formate-tetrahydrofolate ligase; 10fthf, 10-formyltetrahydrofolate; 
MTHFC, 5,10-methenyltetrahydrofolate cyclohydrolase; methf, 5,10-methenyltetrahydrofolate; 
MTHFD, 5,10-methylenetetrahydrofolate dehydrogenase; mlthf, 5,10-methylenetetrahydrofolate; 
MTHFR, 5,10-methylenetetrahydrofolate reductase; 5mthf, 5-methyltetrahydrofolate; 
MTRCFSP, 5-methyltetrahydrofolate corrinoid iron-sulfur protein methyltransferase; mcfesp, 
methylcorrinoid iron-sulfur protein; CODH/ACS, carbon monoxide dehydrogenase/acetyl-CoA 
synthase complex; coa, coenzyme-A; cfesp, corrinoid iron-sulfur protein; accoa, acetyl-CoA; co, 
carbon monoxide; PFOR, pyruvate-ferredoxin oxidoreductase; PTAr, phosphotransacetylase; 
actp, acetyl phosphate; ACKr, acetate kinase; ac, acetate;  EX_h2(e), hydrogen exchange; 
FRNDPRr, ferredoxin: NADP oxidoreductase; h2, hydrogen; HYDFDNr, ferredoxin: NAD 
hydrogenase; FRHD, ferredoxin hydrogenase; and ATPS4r, ATP synthase. 
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Figure 7. M. thermoacetica heterotrophic growth simulation. The simulated reaction-fluxes 
during the heterotrophic growth of M. thermoacetica are visualized by heat maps on an abridged 
version of its metabolic network. The reactions and metabolites are denoted by the upper case 
and lower case letters, respectively. Abbreviations: r5p, ribose-5-phosphate; RPI, ribose-5-
phosphate isomerase; ru5p-D, ribulose-5-phosphate; RPE, ribulose-5-phosphate-3-epimerase; 
xu5p-D, xylulose-5-phosphate; TKT1, transketolase; s7p, sedoheptulose-7-phosphate; g3p, 
glyceraldehyde-3-phosphate; TALA, transaldolase; f6p, fructose-6-phosphate; TKT2, 
transketolase; e4p, erythrose-4-phosphate; glc-D, glucose; atp, ATP; adp, ADP; HEX1, 
hexokinase; g6p, glucose-6-phosphate; PGI, glucose-6-phosphate isomerase; PFK, 
phosphofructokinase; fdp, fructose-1-6-bisphosphate; FBA, fructose-bisphosphate aldolase; 
dhap, dihydroxy-acetone-phosphate; TPI, triose-phosphate isomerase; g3p, glyceraldehyde-3-
phosphate; GAPD, glyceraldehyde-3-phosphate dehydrogenase; nad, NAD; nadh, NADH; 
13dpg, 3-phospho-D-glyceroyl-phosphate; PGK, phosphoglycerate kinase; 3pg, 3-Phospho-D-
glycerate; PGM, phosphoglycerate mutase; 2pg, D-glycerate-2-phosphate; ENO, enolase; pep, 
phosphoenolpyruvate; PYK, pyruvate kinase; pyr, pyruvate; PC, pyruvate carboxylase; oaa, 
oxaloacetate; CS, citrate synthase; cit, citrate; ACONTa, aconitase/citrate hydro-lyase; acon, 
aconitase; ACONTb, aconitase/isocitrate hydro-lyase; icit, isocitrate; ICDH, isocitrate 
dehydrogenase; akg, 2-oxoglutarate; OOR, 2-oxoglutarate synthase; fdxox, oxidized ferredoxin; 
fdxrd, reduced ferredoxin; succoa, succinyl-CoA; SUCOAS, succinyl-CoA synthetase; succ, 
succinate; FRD, fumarate reductase; fum, fumarate; FUM, fumarase; mal-L, L-malate; MDH, 
malate dehydrogenase; co2, carbon dioxide; EX_co2(e), carbon dioxide exchange; for, formate; 
FDH, formate dehydrogenase; thf, tetrahydrofolate; FTHFL, formate-tetrahydrofolate ligase; 
10fthf, 10-formyltetrahydrofolate; MTHFC, 5,10-methenyltetrahydrofolate cyclohydrolase; 
methf, 5,10-methenyltetrahydrofolate; MTHFD, 5,10-methylenetetrahydrofolate dehydrogenase; 
mlthf, 5,10-methylenetetrahydrofolate; MTHFR, 5,10-methylenetetrahydrofolate reductase; 
5mthf, 5-methyltetrahydrofolate; MTRCFSP, 5-methyltetrahydrofolate corrinoid iron-sulfur 
protein methyltransferase; mcfesp, methylcorrinoid iron-sulfur protein; CODH/ACS, carbon 
monoxide dehydrogenase/acetyl-CoA synthase complex; coa, coenzyme-A; cfesp, corrinoid 
iron-sulfur protein; accoa, acetyl-CoA; co, carbon monoxide; PFOR, pyruvate-ferredoxin 
oxidoreductase; PTAr, phosphotransacetylase; actp, acetyl phosphate; ACKr, acetate kinase; ac, 
acetate;  EX_h2(e), hydrogen exchange; FRNDPRr, ferredoxin: NADP oxidoreductase; h2, 
hydrogen; HYDFDNr, ferredoxin: NAD hydrogenase; FRHD, ferredoxin hydrogenase; and 
ATPS4r, ATP synthase. 
 
Figure 8. Analysis of the autotrophic energy conservation mechanism of M. thermoacetica. 
Implementation of the autotrophic energy conservation mechanism in iAI558 proposed by Mock 
et al17 and Schuchmann and Muller20 is shown in (A) and (B), respectively, while (C) shows the 
mechanism that is actually implemented in the model. The reactions and metabolites are denoted 
by the upper case and lower case letters, respectively. Abbreviations: FHL, formate hydrogen 
lyase; for, formate; co2, carbon dioxide; h2, hydrogen; mlthf, 5,10-methylenetetrahydrofolate; 
MTHFR, 5,10-methylenetetrahydrofolate reductase; 5mthf, 5-methyltetrahydrofolate; nad, NAD; 
nadh, NADH; nadp, NADP; nadph, NADPH; FRNDPRr, ferredoxin: NADP oxidoreductase; 
fdxox, oxidized ferredoxin; fdxrd, reduced ferredoxin; HYDFDNr, ferredoxin: NAD 
hydrogenase; and FRHD, ferredoxin hydrogenase. 
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Table 1. Composition of the In Silico Minimal Medium of Moorella thermoacetica 

Reaction Name Abbreviation Reaction 

Glucose exchange EX_glc-D(e) glc-D[e]  <=> 

Fructose exchange EX_fru(e) fru[e]  <=> 

Xylose exchange EX_xyl-D(e) xyl-D[e]  <=> 

Carbon dioxide exchange EX_co2(e) co2[e]  <=> 

Carbon monoxide exchange EX_co(e) co[e]  <=> 

Hydrogen exchange EX_h2(e) h2[e]  <=> 

Methanol exchange EX_meoh(e) meoh[e]  <=> 

Nicotinic acid exchange EX_nac(e) nac[e]  <=> 

Calcium exchange EX_ca2(e) ca2[e]  <=> 

Cobalt exchange EX_cobalt2(e) cobalt2[e]  <=> 

Iron (III) exchange EX_fe3(e) fe3[e]  <=> 

Water exchange EX_h2o(e) h2o[e]  <=> 

Hydrogen sulfide exchange EX_h2s(e) h2s[e]  <=> 

Potassium exchange EX_k(e) k[e]  <=> 

Magnesium exchange EX_mg2(e) mg2[e]  <=> 

Ammonium exchange EX_nh4(e) nh4[e]  <=> 

Inorganic phosphate exchange EX_pi(e) pi[e]  <=> 
 
 
 
Supplementary information 1.pdf: This pdf file includes supplementary figures and tables, 
including the details of M. thermoacetica biomass composition, and NGAM and GAM 
parameters calculation. 
 
Supplementary information 2.xlsx: This excel file contains 6 tables describing all genes, 
proteins, reactions, and metabolites, as well as the simulation results and constraints of the 
model. 
 
iAI558_co2_h2.xml: This sbml file of M. thermoacetica model can be used to simulate M. 
thermoacetica autotrophic growth. 
 
iAI558_glucose.xml: This sbml file of M. thermoacetica model can be used to simulate M. 
thermoacetica heterotrophic growth. 
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