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Methanosarcinales are versatile methanogens, capable of regulating most

types of methanogenic pathways. Despite the versatile metabolic flexibility

of Methanosarcinales, no member of this order has been shown to use for-

mate for methanogenesis. In the present study, we identified a cytosolic

formate dehydrogenase (FdhAB) present in several Methanosarcinales,

likely acquired by independent horizontal gene transfers after an early evo-

lutionary loss, encouraging re-evaluation of our understanding of formate

utilization in Methanosarcinales. To explore whether formate-dependent

(methyl-reducing or CO2-reducing) methanogenesis can occur in Methano-

sarcinales, we engineered two different strains of Methanosarcina acetivor-

ans by functionally expressing FdhAB from Methanosarcina barkeri

in M. acetivorans. In the first strain, fdhAB was integrated into the N5-

methyl- tetrahydrosarcinapterin:coenzyme M methyltransferase (mtr)

operon, making it capable of growing by reducing methanol with electrons

from formate. In the second strain, fdhAB was integrated into the

F420-reducing hydrogenase (frh) operon, instead of the mtr operon,

enabling its growth with formate as the only source of carbon and energy

after adaptive laboratory evolution. In this strain, one CO2 is reduced to

one methane with electrons from oxidizing four formate to four CO2, a

metabolism reported only in methanogens without cytochromes. Although

methanogens without cytochromes typically utilize flavin-based electron

bifurcation to generate the ferredoxins needed for CO2 activation, we

hypothesize that, in our engineered strains, reduced ferredoxins are

obtained via the Rhodobacter nitrogen fixation complex complex running

in reverse. Our work demonstrates formate-dependent methyl-reducing and

CO2-reducing methanogenesis in M. acetivorans that is enabled by the flexi-

ble nature of the microbe working in tandem with the nurturing provided.
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Introduction

Methanogens are anaerobic archaea that produce

methane via their energy metabolism [1,2]. The most

widespread methanogenesis pathway uses H2 as the

electron donor to reduce CO2 to methane (hydrogeno-

trophic CO2-reducing methanogenesis) (Fig. 1A) [3].

The reduction of CO2 to methane involves the methyl

branch of the Wood–Ljungdahl pathway (mWLP), the

methyl-tetrahydrosarcinapterin (H4SPT):coenzyme M

(CoM) methyltransferase (Mtr) membrane-bound com-

plex and the methyl-coenzyme M reductase (Mcr)

[4–6]. In the mWLP, CO2 is sequentially reduced to a

methyl group starting on methanofuran and trans-

ferred to either tetrahydromethanopterin (H4MPT) or

H4SPT (H4MPT analogue in Methanosarcina). At the

end of the mWLP pathway, membrane-bound Mtr

transfers the methyl group from H4MPT or H4SPT to

the cofactor CoM. The energy released by this methyl

transfer is used to translocate Na+ across the mem-

brane, forming a chemiosmotic gradient that can be

exploited by an ATP synthase. Mcr then reduces the

methyl group bound to CoM to methane by oxidizing

the thiol CoB-SH to form the CoM-S-S-CoB heterodi-

sulfide (HDS). Most hydrogenotrophic methanogens

do not rely on electron transport through the mem-

brane that involves cytochromes and membrane-

soluble electron carriers. They are termed ‘methano-

gens without cytochromes’ and include methanogens

that belong to the orders Methanobacteriales, Metha-

nopyrales, Methanococcales, Methanocellales, Metha-

nomassiliicoccales and Methanomicrobiales [1,7]. The

cytosolic electron carriers ferredoxin (Fd), F420 and

CoB-SH are used to transfer electrons from H2 to the

C1-unit being reduced to methane. F420H2 is used for

the two reduction steps occuring at H4MPT, where the

C1-unit undergoes a four-electron reduction from the

oxidation state of a formyl group to a methyl group

[5]. The reduction of F420 to F420H2 can be carried out

by the F420-reducing hydrogenase (i.e. FrhABG) with

electrons coming directly from H2 [5,8]. The first step,

reduction of CO2, is catalyzed by either

tungsten-dependent or molybdenum-dependent formyl-

methanofuran dehydrogenase (i.e. Fwd or Fmd) [4].

The reduction is particularly challenging and therefore

requires the strongly reducing Fdred [9–11]. The

low-potential Fdred cannot be directly obtained from

electrons from H2. In methanogens without cyto-

chromes, they are generated via flavin-based electron

bifurcation (FBEB) by the cytoplasmic heterodisulfide

reductase (HdrABC)–[NiFe]–methyl viologen-reducing

hydrogenase (MvhAGD) enzyme complex [1,12,13].

Here, two molecules of H2 are oxidized and, at the

same time, Fdox is reduced to Fdred and HDS is

reduced to CoM-SH and CoB-SH. Many

CO2-reducing methanogens without cytochromes can

also use formate as an alternative electron donor to

H2 (Fig. 1A) [5]. In this case, the reduction of F420

involves an FdhAB complex. FdhA is a formate dehy-

drogenase and FdhB is an F420-oxidoreducase homolo-

gous to FrhB [14]. In addition, FdhAB replaces the

MvhAG hydrogenase to form a FdhAB–MvhD–
HdrABC complex for the reduction of Fdox and HDS

via FBEB [15]. Fdred is not only required for catabolic

CO2 reduction in the first step of methanogenesis, but

also for anabolic purposes [16,17]. Anabolism starts

with the formation of the C2 compound, acetyl-CoA.

This compound is synthesized from a methyl group

generated by the mWLP and is combined with

the carbonyl group from the carbonyl branch of the

Fig. 1. Hydrogenotrophic methanogensis in methanogens without cytochromes (A), the three major methanogenesis pathways in

M. acetivorans (B–D) and the electron transport system in Methanosarcina (E, F). (A) Hydrogenotrophic methanogenesis in methanogens

without cytochromes utilize H2 or formate to reduce CO2. The Fdred for methanogenesis is regenerated by FBEB, whereas the Fdred for

anabolism is regenerated by Eha/Ehb [18,19]. (B) Acetoclastic methanogenesis: the carbonyl carbon of acetate is oxidized to obtain Fdred.

This Fdred is then used to reduce HDS, which is the terminal electron acceptor in methanogenesis. (C) Methylotrophic methanogenesis: 1

molecule of methanol is oxidized to CO2 to provide 2 F420H2 and 1 Fdred that are then used to reduce 3 molecules of HDS formed from 3

molecules of methanol reduced to methane. (D) CO-dependent CO2-reducing methanogenesis, Fdred are obtained from oxidizing CO to CO2.

M. acetivorans uses an uncharacterized system to cycle electrons from Fdred to F420H2 [83]. (E) H2-independent electron transport system

of M. acetivorans. (F) H2-dependent electron transport system of M. barkeri, which is capable of all four (A–D) methanogenesis pathways

but uses H2 as a sole electron source or as an intermediate. All reduced cofactors are in orange and the oxidized counterparts are in blue.

Chemical equations and ATP yield per methane produced from respective pathways at the bottom. For simplicity, some reactants (e.g. free

HS-CoM) are not shown. Enzymes: carbon monoxide dehydrogenase/acetyl-CoA synthase complex (CODH/ACS), methyl-H4SPT:HS-CoM

methyltransferase (Mtr), F420H2 dehydrogenase (Fpo), heterodisulfide reductase (Hdr), Rhodobacter nitrogen fixation complex (Rnf), formate

dehydrogenase (Fdh), F420-reducing hydrogenase (Frh), [NiFe]-hydrogenase (Mvh), methanophenazine-reducing hydrogenase (Vht), energy-

converting hydrogenases (Eha/Ehb/Ech), methanol methyltransferase (Mta) and methyl-CoM reductase (Mcr). FBEB, flavin-based electron

bifurcation; HDS, CoM-S-S-CoB heterodisulfide; Fdred, reduced ferredoxin. Created with Biorender.com.
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WLP (cWLP) that relies on the carbon monoxide

dehydrogenase/acetyl-CoA synthase (CODH/ACS)

complex. Next, an additional Fdred is needed to con-

vert acetyl-CoA and CO2 to the C3 compound, pyru-

vate. Pyruvate is then carboxylated to the C4

compound, oxaloacetate, which is the starting point

for gluconeogenesis and for amino acid biosynthesis

via the incomplete citric acid cycle [17]. The Fdred
needed for CO2 fixation in anabolism can be generated

by a range of membrane-bound energy-converting

hydrogenases, such as the Eha or Ehb complex in

Methanococcales [18,19]. These membrane-bound

hydrogenases couple the endergonic reduction of the

Fdox by H2 with consumption of the transmembrane

chemiosmotic gradient.

Methanosarcinales, which are the focus of the pre-

sent study, rely on cytochromes for their energy

metabolism [1,7]. Distinctive features in their methano-

genesis pathways include the unique ability to dispro-

portionate methyl-compounds (methylotrophic

methanogenesis) or acetate (acetoclastic methanogen-

esis). Although most methanogens can only use one
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type of carbon compound (CO2 or methyl-compound)

as electron acceptor, many Methanosarcina species can

shift between several methanogenesis pathways.

Depending on the substrate, the mWLP, CODH/ACS

and Mtr are combined in different ways, and their

direction may be reversed. The diversity of methano-

genesis pathways in Methanosarcina and their energy

metabolism is briefly summarized in Fig. 1 [7,20–22].
In acetoclastic methanogenesis, the carbonyl group of

acetate is oxidized into CO2 by CODH/ACS, provid-

ing electrons for the reduction of the methyl group of

acetate into methane (Fig. 1B). In methylotrophic

methanogenesis, one methyl group from the substrate

is oxidized into CO2 through the mWLP, providing

electrons to reduce three methyl groups into methane

(Fig. 1C). For the oxidation of the methyl-group to

CO2, Mtr uses the chemiosmotic gradient to perform

the endergonic transfer of the methyl group from

CoM to H4SPT and the mWLP functions in the oxida-

tive direction. The CO-dependent CO2-reducing path-

way operates in similar principle of

disproportionation. The electrons obtained from oxi-

dation of CO to CO2 by CODH/ACS are used to

reduce CO2 to methane via mWLP (Fig. 1D). In all

methanogenesis pathways of Methanosarcina, the

chemiosmotic gradient is built via membrane-bound

electron transport from either H2, F420H2 or Fdred to

HDS (Fig. 1E,F) [7,23]. Irrespective of the source of

electrons, the membrane-soluble electron transporter

methanophenazine (MP) is reduced by

membrane-bound complexes. MPH2 is re-oxidized via

the HdrED complex that transfers electron from

MPH2 to HDS. Methanosarcina species have an

F420H2:HDS electron transport pathway that is H2-

independent, where the F420 dehydrogenase (Fpo) oxi-

dizes F420H2 to reduce MP. Methanosarcina species

that can utilize H2, such as M. barkeri, have an

H2-dependent electron transport system (Fig. 1F),

where H2 can be the sole source of electrons in the H2:

HDS electron transport pathway that involves the

methanophenazine-reducing hydrogenase (Vht). H2

can also be an intermediate in the F420H2:HDS and

the Fdred:HDS electron transport pathway involving

the Frh or the energy-converting hydrogenase (Ech),

respectively. The electron transport system of M. aceti-

vorans, however, is H2-independent (Fig. 1E). Here the

Fdred:HDS electron transport pathway involves the

Rhodobacter nitrogen fixation complex (Rnf) that oxi-

dizes Fdred to reduce MP [7]. FBEB from Fdred to

HDS and F420 has also been suggested to occur

through the cytosolic HdrABC complex in M. aceti-

vorans, which is present in two copies in its genome.

The HdrA1B1C1 complex has been shown to play a

role in methylotrophic methanogenesis [24]. The

HdrA2 subunit from M. acetivorans contains a fused

mvhD domain and the HdrA2B2C2 has been shown

to play a role in acetoclastic methanogenesis [24,25].

An absence of ech and no expression of vht prevents

M. acetivorans from hydrogenotrophic CO2-reducing

methanogenesis and formation of Fdred from either

internal cycling of H2 or external H2 [26–28]. A puta-

tive alternative option to generate Fdred could be the

HdrABC or the Rnf complex running in reverse,

which has been currently shown only in vitro

[25,29,30].

Despite the metabolically versatile nature of Metha-

nosarcina, formate utilization as an electron donor for

CO2 or methyl reduction has never been reported in

such species. However, formate dehydrogenase activity

has been previously reported in M. barkeri grown on

methanol, as well as the presence of fdhAB in the

genome of this methanogen and Methanosarcina mazei

[31–33]. Along with FdhAB, the presence of the for-

mate transporter has been suggested to be required for

growth on formate [34]. However, at high concentra-

tions of formate and low pH, formate could passively

diffuse into the cells in the form of formic acid [35].

There are no formate transporters annotated in the

genome of M. barkeri or M. mazei but genes encoding

AceTr family proteins are present in the genome and

have been shown capable of formate transport in

Saccharomyces cerevisiae [36,37]. The lack of formate-

dependent CO2 reduction in Methanosarcina that con-

tain an H2-dependent electron transport system has

been hypothesized to be a result of the high H2 thresh-

old that would be required by the Ech complex to gen-

erate Fdred [1,38]. Formate utilization by methanogens

with cytochrome has only been reported in members

of the Methanonatronarchaeales for methyl reduction.

These methanogens employ a membrane-bound for-

mate dehydrogenase (Fdn), in which FdnG is homolo-

gous to FdhA, to directly transfer electrons from

formate to MP [39]. Whether Methanosarcinales mem-

bers could utilize formate as electron donor for CO2

or methyl reduction by this way or using a different

pathway is unknown. M. acetivorans provides a unique

opportunity to test this because its genome encodes

the genes for AceTr family proteins, and it has an H2-

independent electron transport system that relies on

the Rnf complex along with cytosolic HdrABC

complexes.

In the present study, we explored the capacity of

Methanosarcinales to use formate as a source of car-

bon and energy. First, we evaluated the phyletic distri-

bution and evolution of the formate dehydrogenase in

this order, revealing a surprisingly large number of
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copies in acetoclastic Methanotrichaceae and a

patchy distribution in Methanosarcinaceae, acquired by

horizontal gene transfer. Unlike Methanonatronarch-

aeia, all formate dehydrogenases are predicted to be

cytosolic. Then, we show that one of these Methano-

sarcinales, M. barkeri, can consume formate when

growing on methanol and we validated the activity of

its formate dehydrogenase by expressing it in M. aceti-

vorans. We further investigated how the formate dehy-

drogenase of M. barkeri can be accommodated in the

metabolic pathways of M. acetivorans by engineering

two different strains. The first strain M. acetivorans

JB-MF (mtr::fdhAB) became capable of growing by

reducing methanol with electrons from formate. The

second strain M. acetivorans JB-F2 (frh::fdhAB)

became capable of growing on formate as the only

source of carbon and energy, a metabolism that was

previously reported only for methanogens without

cytochromes. Finally, we constructed strains M. aceti-

vorans JB-MF ΔhdrA1, M. acetivorans JB-MF ΔhdrA2
and M. acetivorans JB-MF rnfBE63X to obtain insights

on how Fdred is regenerated during formate-dependent

CO2-reducing and methyl-reducing methanogenesis.

Results

Distribution and phylogeny of the F420-reducing

formate dehydrogenase

Homologs of FdhA were searched in a database com-

prising 9596 bacterial and 1268 archaeal proteomes,

including 68 Methanosarcinales. FdhA is prevalent

among methanogens belonging to the lineages most

closely related to the Methanosarcinales, namely

Methanocellales, Methanoflorentales (Bog-38), Metha-

nomicrobiales and Halobacteriales (Fig. 2A). By con-

trast, Methanosarcinales exhibit an uneven distribution

of FdhA, with a comparatively lower number of

genomes encoding it. On one hand, all Methanotricha-

ceae (a basal lineage in Methanosarcinales) genomes

contain at least one fdhA gene and most of them have

between three and seven copies of this gene. On

the other hand, FdhA is only present in eight out

of the 43 Methanosarcinaceae in our database

(Fig. 2A). The phylogeny of FdhA revealed that this

gene was acquired multiple times through horizontal

gene transfer during the evolution of Methanosarci-

nales (Fig. 2B). These horizontal gene transfer events

in Methanosarcinaceae are further supported by the

patchy distribution of the enzyme in this family.

Indeed, vertical inheritance in Methanosarcinaceae spe-

cies is unlikely because it would imply many losses,

including many recent losses in Methanosarcina. The

phylogeny of FdhA also indicates that the multiple

copies present in Methanotrichaceae originate from

several horizontal gene transfers rather than gene

duplication (Fig. 2B). All identified fdhA genes in

Methanosarcinales form a genomic cluster with fdhB,

indicating the presence of a cytosolic FdhAB formate

dehydrogenase, rather than a membrane-bound,

cytochrome-containing FdnGHI formate dehydroge-

nase, as in Methanonatronarchaeia [40,41].

Formate consumption by M. barkeri WWM155

and characterization of its FdhAB

We re-evaluated formate consumption in M. barkeri

WWM155 (used as wild type in this study) by growing

it on methanol and formate. Under this condition,

M. barkeri did not produce higher methane levels than

with methanol alone. Formate consumption and

increased acetate production in presence of formate

was confirmed through 1H-NMR spectroscopic quanti-

fication (Table 1). Similar to previously published

studies, our attempts to grow M. barkeri using for-

mate as the sole source of carbon and energy failed

[32]. To validate the activity of FdhAB and check for

functional expression, it was heterologously produced

in M. acetivorans WWM73, used as wild-type in the

present study. fdhAB was expressed from a plasmid

under the control of PmcrB(tetO1) promoter [42]. The

activity of the recombinant enzyme was assessed by

measuring its ability to reduce benzyl viologen in cell-

free extracts, which yielded an activity of 0.7 U�mg�1

total protein (Fig. 3) that confirms functional expres-

sion in M. acetivorans WWM73.

Effect of formate on M. acetivorans WWM73

To gather physiological reference before incorporating

formate dehydrogenase in M. acetivorans, we culti-

vated the parent strain WWM73 in HSMe (i.e. high

salt medium with 60 mM methanol only) and MF (i.e.

high salt medium with 60 mM methanol and formate

each) media. The strain consumed all methanol in

either medium and did not consume any formate

in MF medium (Fig. 4C,D) but the maximum attenu-

ance at 600 nm (OD600) and methane yield was slightly

lower in presence of formate (Fig. 4A,B). The strain

grew slower in the presence of formate (doubling time

of approximately 8 h) than in its absence (doubling

time of approximately 7 h) (Fig. 4A) and produced

more acetate when formate was present similar to

M. barkeri (Fig. 4E). The pH of the medium did not

change either with addition of formate at beginning of

growth or at the end because formate was not
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consumed. Transcriptomic data were acquired from

three biological replicates to explore effects of formate

on energy conservation pathway and identify possible

candidates for formate transporters (AceTr family pro-

teins). In presence of formate, 29 genes were

significantly differentially expressed (Padj < 0.01, |
log2FC| ≥ 2) as described in Dataset S1; however,

none of the 29 genes belonged to the energy conserva-

tion pathway or were AceTr family proteins. Although

the transcriptomic analysis did not provide conclusive

insight into the energy conservation pathway or for-

mate transporter, the dataset may be a valuable

resource for future studies and, as such, the raw reads

have been uploaded to Sequence Read Archive data-

base (https://www.ncbi.nlm.nih.gov/) and the raw

dataset of differentially expressed genes is made avail-

able as Dataset S1.

With physiological reference obtained, the formate

dehydrogenase of M. barkeri was accommodated in the

metabolic pathways of M. acetivorans WWM73 by

Fig. 2. Taxonomic distribution and phylogenetic tree FdhA. (A) Taxonomic distribution of FdhA in class II methanogens and Halobacteriales.

The phylogenetic tree has been inferred based on a concatenation of If2, RpoB and RpoC alignments (LG + F + R10 + C20 + PMSF, 383

sequences, 2523 amino-acid positions) using FASTTREE v2.1.10. The dots at the nodes correspond to ultrafast-bootstrap values > 95%. A

zoom on the tree has been applied for Methanosarcinales. The number of copies of FdhA is represented by a gray gradient (white = 0,

black = 7). The numbers in parenthesis at the tips correspond to the NCBI taxonomic ID. Scale bars represent the average number of

substitutions per site. (B) Phylogenetic tree of FdhA (LG + R10, 540 sequences, 658 amino-acid positions) inferred using IQ-TREE v1.6.12.

Stars represent independent acquisitions in Methanosarcinales. A subsampling of sequences has been applied for non-Methanosarcinales

sequences. The scale bars represent the average number of substitutions per site. Generated using ITOL.
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engineering two different strains with two different

metabolisms: M. acetivorans JB-MF capable of

formate-dependent methyl-reducing methanogenesis

(Fig. 5A) and M. acetivorans JB-F2 capable of formate-

dependent CO2-reducing methanogenesis (Fig. 5B).

Formate-dependent methyl-reducing

methanogenesis

M. acetivorans JB-MF was constructed by inserting

fdhAB from M. barkeri between the promoter and

coding sequence of mtr operon of M. acetivorans

WWM73, disrupting the mtr gene. fdhAB utilized the

native promoter of mtr for transcription. We inserted

one additional terminator at the end of fdhAB operon

(fpo terminator from M. barkeri WWM155) to ensure

that mtr is not expressed. Without the expression of

mtr, the strain lost its ability to grow solely on metha-

nol because our attempts to grow the strain in HSMe

medium failed, similar to other previously published

Δmtr mutant strains of M. acetivorans [43,44]. The

exogenous FdhAB, however, enabled formate-

dependent methyl-reducing methanogenesis in M. acet-

ivorans JB-MF (Fig. 5A).

The doubling time of M. acetivorans in MFAcP

medium (60 mM methanol and formate, each; 5 mM ace-

tate and pyruvate, each) was approximately 11 h

(Fig. 6A). Acetate and pyruvate were added to the

medium as anabolic substrates, because, in the absence

of Mtr, methanol cannot be oxidized to CO2 to generate

the Fdred required for anabolism [44]. Apart from anab-

olism, oxidation of acetate could also provide the elec-

trons for reducing methanol. Metabolite analysis

showed that all formate, methanol, and acetate was con-

sumed by the end of growth, and that the methane yield

reached the maximal theoretical value (Fig. 6B–E). The
strain was also able to grow in absence of acetate and

pyruvate (MF medium). The doubling time was approx-

imately 15 h (Fig. 6A). Metabolite analysis showed that

all formate was consumed by the end of growth, but

15.7 � 0.8 mM methanol remained (Fig. 6C,D). The pH

of the MFAcP and MF media did not change at the end

of growth. Throughout the growth, the ratio of formate

oxidized per methanol reduced reached a maximum of

Table 1. Formate consumption in M. barkeri WWM155. Media composition: MF, methanol (60 mM) + formate (60 mM); HSMe, methanol

(60 mM). Data from three biological replicates. Values expressed as the mean � SD. ****P < 0.0001 indicates a significant change between

the media. Statistical significance was determined by two-tailed, two sample t-test.

Media

Metabolites measured at end of growth (312 h)

Methanol (mM) Formate (mM) Methane (lmol) Acetate (mM)

MF

methanol (60 mM) + formate (60 mM)

0 38.3 � 1.2 260 � 16 1.66 � 0.01****

HSMe

methanol (60 mM)

0 0.07 � 0.01 240 � 1.5 2.08 � 0.02****

Fig. 3. In vitro activity of FdhAB from M. barkeri heterologously expressed in M. acetivorans. Cleared cell-free lysates were tested for

reduction of benzylviologen (BV). Before preparation of cell-free lysates, the identical strain was cultured under different conditions (n = 1).

Green line (experiment): expression of FdhAB was induced with tetracycline (Tet). The activity measured was 0.7 U�mg�1 total protein.

Black line (control): FdhAB expression was not induced. Green and black arrows indicate addition of formate which colored green and black

to match where it is added to the respective reaction mix. Purple line (control): expression of FdhAB was induced with Tet, but no formate

was added to the assay. The increase in absorbance of the purple line is a result of non-specific reduction by FdhAB. For details, see

Materials and methods.
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1.7 : 1, which deviated from the expected 1 : 1 ratio.

Growth of the strain without added acetate and pyru-

vate indicates that the strain can produce Fdred required

for anabolism and CO2 fixation from electrons obtained

by oxidation of formate.

Transcriptomic data were acquired to gain possible

insights into the Fdred regeneration and anabolic path-

ways in M. acetivorans JB-MF when growing without

added acetate and pyruvate. In absence of acetate and

pyruvate, 58 genes were significantly differentially

Fig. 4. Influence of formate on growth of M. acetivorans WWM73. The strain was grown in HSMe (60 mM methanol) (green) and MF

(60 mM methanol + 60 mM formate) (red) media. (A) OD600: doubling time in HSMe medium (approximately 7 h) was significantly lower

(P < 0.0001) than in MF medium (approximately 8 h). (B) Methane level (mmol). Dashed lines represent theoretical yield of methane for

methanol disproportionation (green) and for a hypothetical scenario where all methanol could be reduced to methane using electrons from

formate (red). (C) Methanol level (mM). (D) Formate level (mM). (E) Acetate level (mM). Growth curve and metabolite curves obtained from

three independent cultures (all shown). Statistical significance was determined by two-tailed two sample t-test for OD600, methane, acetate

and growth rates, as well as by a one-tailed two sample t-test for formate. ****P < 0.0001 and *P < 0.05 indicate a significant change

between the media. OD600 and methane were compared at maximum values but different timepoints. Formate consumption was non-

significant (P > 0.05) compared between T = 0 and T = 84 h.
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expressed (Padj < 0.01, |log2FC| ≥ 2) as described in

Dataset S2. We expected to see rnf or hdrABC genes to

be upregulated in absence of acetate and pyruvate to

enable the microbe to regenerate Fdred; however, rnf and

hdrABC genes were not significantly upregulated, which,

although not confirming their involvement, does not

imply the lack of it in Fdred regeneration. Although the

transcriptomic analysis did not support or refute this

hypothesis for Fdred regeneration, we found the genes

fwd, mcr and mta upregulated in the absence of acetate

and pyruvate. ma4393, a gene encoding AceTr family

protein, was also upregulated in MF medium compared

to MFAcP medium. The dataset may be a valuable

resource for future studies and, as such, the raw reads

have been uploaded to Sequence Read Archive database

and the raw dataset of differentially expressed genes is

made available as Dataset S2.

Testing redundancy in the energy and ferredoxin

metabolism via deletions in JB-MF

The following three different enzyme complexes were

hypothesized to contribute to the generation of Fdred
when operating in the reverse direction: HdrA1B1C1,

HdrA2B2C2 and Rnf [24,25,29,30,45]. To test their puta-

tive involvement, an attempt was made to delete each of

these enzyme complexes in the strain JB-MF because

transcriptomic comparisons did not provide concrete evi-

dence. HdrA is the flavin containing subunit of the

HdrABC complex that is the site for FBEB. M. acetivor-

ans JB-MF ΔhdrA1 and M. acetivorans JB-MF ΔhdrA2
were constructed and tested for their ability to grow on

MFmedium where additional carbon sources such as ace-

tate and pyruvate were absent (Table 2). ΔhdrA2 could

grow in MF medium; however, ΔhdrA1 mutant had a

prolonged lag phase of 12–14 days in MF medium. Nei-

ther deletion abolished growth in MFmedium.

Multiple attempts to delete the entire rnf operon via

CRISPR-Cas and replacement by pac cassette failed.

Finally, we were able to disrupt the rnf operon by a non-

sense mutation in the rnfB gene, which encodes the subu-

nit that is the ‘wire conduit’ of electrons enabling

interaction of Fdred and the Rnf complex [46]. The

M. acetivorans JB-MF rnfBE63X mutant had lost the abil-

ity to grow in MF medium (Table 2). The essentiality of

Rnf for growth in MF medium hints towards its impor-

tant role in Fdred regeneration, using the chemiosmotic

gradient to reduce Fdox with MPH2 as electron donor.

Fig. 5. The engineered formate-dependent methyl-reducing methanogenesis pathway in M. acetivorans JB-MF and formate-dependent

CO2-reducing methanogenesis pathway in M. acetivorans JB-F2. (A) Engineered formate-dependent methyl-reducing methanogenesis

(strain JB-MF)–formate is oxidized to reduce the HDS formed from methyl-CoM reduction. Fdred for anabolism is made available putatively

via Rnf. (B) Engineered formate-dependent CO2-reducing methanogenesis (strain JB-F2)–formate disproportionation leads to formation of 3

CO2 and 1 CH4. The yet-unknown step (marked in red question mark) is how Fdred is obtained from formate oxidation for CO2 reduction.

Putatively, the most important contributor is Rnf. All reduced cofactors are in orange and the oxidized counterparts are shown in blue.

Chemical equations and ATP yield per methane produced from respective pathways are at the bottom. aATP yield as calculated from the

hypothetical Rnf-based energy pathway and thermodynamic estimations (for details, see Materials and methods and Fig. 8). For simplicity,

some reactants (e.g. free HS-CoM) are not shown. Enzymes: methyl-H4SPT:HS-CoM methyltransferase (Mtr), F420H2 dehydrogenase (Fpo),

heterodisulfide reductase (Hdr), Rhodobacter nitrogen fixation complex (Rnf), formate dehydrogenase (Fdh), methanol methyltransferase

(Mta) and methyl-CoM reductase (Mcr). HDS, CoM-S-S-CoB heterodisulfide; Fdred, reduced ferredoxin. Created with Biorender.com.
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Formate-dependent CO2-reducing

methanogenesis

To determine whether M. acetivorans could be able

to use formate as a sole source of carbon and energy,

we engineered a second M. acetivorans strain by

integrating fdhAB into the frh operon under the con-

trol of mtr promoter from M. acetivorans C2A

(Fig. 5B). The strain obtained, M. acetivorans JB-F1,

was able to grow solely on formate because mtr

was not disrupted, but the doubling time of

Fig. 6. Growth of M. acetivorans JB-MF with formate-dependent methyl-reducing methanogenesis. The strain was grown in MF (red)

(60 mM methanol + 60 mM formate) and MFAcP (blue) (60 mM methanol + 60 mM formate + 5 mM acetate + 5 mM pyruvate) media. (A)

OD600: doubling time in MF medium (approximately 15 h) and MFAcP medium (approximately 11 h). (B) Methane level (mmol). Dashed red

and blue line represents theoretical yield of methane in MF and MFAcP media. Methane level in MFAcP medium reaches theoretical yield

as all methanol is reduced. The difference between measured methane level and theoretical methane yield is not statistically significant

[P > 0.05, two-tailed one sample t-test for (B)]. (C) Methanol level (mM). 15.7 � 0.8 mM methanol remained in MF medium at the end of

growth. (D) Formate level (mM). (E) Acetate level (mM). Growth curve and metabolite curves obtained from three independent cultures (all

shown).
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methanogenesis was approximately 80 h. M. acetivor-

ans JB-F1 was subjected to adaptive laboratory evolu-

tion (ALE) to increase fitness and to be able to grow

faster solely on formate in HSF medium (High salt

medium with 120 mM formate only). The serial trans-

fers of M. acetivorans JB-F1 were started from metha-

nol medium into rich formate medium containing

casamino acids along with 5 mM acetate and 5 mM

pyruvate and was later transferred to HSF medium

(Fig. 7F). At the end of 32 repeated serial transfers

(see Materials and methods), ALE shortened doubling

time of methanogenesis of strain JB-F2 (designation

given at the end of ALE) from approximately 80 h to

11 h when growing solely on formate (Fig. 7B,F). The

difference of doubling time of M. acetivorans JB-F2 in

HSMe (approximately 12 h) and HSF (approximately

13 h) media was not statistically significant (P > 0.05,

two-tailed two sample t-test); however, JB-F2 took

longer to reach maximum OD600 (Fig. 7A) in HSF

medium. The biomass yield of JB-F2 growing on for-

mate was 2.48 g total protein mol�1 CH4, which was

higher than the other growth conditions investigated

in this study (Table 3). When M. acetivorans JB-F2

grew solely on formate, approximately 11 mM formate

(8% of initially added formate) remained at the end of

growth with the rest going towards methane, biomass

and acetate (Fig. 7D), whereas all methanol was con-

sumed when M. acetivorans JB-F2 was grown solely

on methanol (Fig. 7C). The pH of the HSF medium

increased to 7.8 when monitored at the end of growth.

M. acetivorans JB-F2 produced over 3 mM acetate

when growing solely on formate (Fig. 7E).

The genomes of selected stages during ALE were

sequenced and analyzed. All single nucleotide poly-

morphisms are listed in Table S1. Only one structural

variation, a 332-bp deletion in fwdD1, was observed in

the genome. fwdD1 encodes the subunit D of tungsten-

dependent formylmethanofuran dehydrogenase [47].

To check whether deletion in fwdD1 played a role in

JB-F2, we recreated the deletion in M. acetivorans JB-

F1 (strain before ALE), but this deletion failed to

change the doubling time of methanogenesis in

M. acetivorans JB-F1 ΔfwdD1 when tested.

To test whether the electron transport was cytosolic

or through membrane during formate-dependent CO2-

reducing methanogenesis, diphenyleneiodonium chlo-

ride (DPI) which is an MP analogue, was added to the

growth media of M. acetivorans WWM73, JB-F2 and

Methanococcus maripaludis J901 [48]. DPI has been

shown to block electron transport in the membrane of

M. mazei. DPI inhibited the growth of M. acetivorans

JB-F2 and WWM73 but did not inhibit the growth of

M. maripaludis J901, indicating that electron transport

through membrane was still crucial for growth

(Table 4).

Transcriptomic data were acquired for M. acetivor-

ans JB-F2 growing on formate compared to growth on

methanol to gain insights into possible genes involved

in energy conservation during formate-dependent CO2-

reducing methanogenesis. M. acetivorans JB-F2 when

grown on formate compared to methanol showed 23

significantly differentially expressed genes (Padj < 0.01,

|log2FC| ≥ 2) as described in Dataset S3. We expected

to see changes in the transcription level of rnf and

hdrABC genes to confirm that they are involved in the

Fdred regeneration pathway of M. acetivorans JB-F2.

Although the transcriptomic analysis did not show

any significantly different changes in the expression

of rnf and hdrABC, it did show methanol-specific

methyltransferases (mtaCB1 and mtaCB2) highly

downregulated (log2FC approximately �8 and �2.5,

respectively) in JB-F2 when grown solely on formate.

It is interesting to note that ma4393 was significantly

downregulated (log2FC of approximately �2.4) in JB-

F2 when growing on formate. The dataset may be a

valuable resource for future studies and, as such, the

raw reads have been uploaded to Sequence Read

Archive database and the raw dataset of differentially

expressed genes is made available as Dataset S3.

Discussion

Distribution and evolution of FdhA in

Methanosarcinales

The ubiquitous presence of fdhA and its multiple acquisi-

tions in Methanotrichaceae, up to seven copies per

genome, suggests that this enzyme has a key role in these

methanogens. Methanothrix soehngenii cleaves formate

into H2 and CO2 [49], demonstrating that fdhA is

expressed, but none of the describedMethanothrix species

can use formate for methanogenesis [50,51]. A formate

dehydrogenase activity has been previously reported in

M. barkeri (19), as well as the presence of fdhAB in the

Table 2. Energy metabolism redundancy. Media composition: MF,

methanol (60 mM) + formate (60 mM). Data from three biological

replicates.

Strain/genotype Growth in MF media

M. acetivorans JB-MF

ΔhdrA2

Yes

M. acetivorans JB-MF

ΔhdrA1

Yes, long lag phase (12–14 days)

M. acetivorans JB-MF

rnfBE63X

No growth observed after 10 weeks of

cultivation
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genome of M. mazei, but previous attempts to grow

M. barkeri and other Methanosarcinaceae on formate

alone failed [52]. The role of the formate dehydrogenase

in these ecologically important methanogens needs to be

clarified. Whether formate can be used as an electron

donor for methanogenesis under yet undefined condi-

tions, such as syntrophic partnership with bacteria,

remains to be determined. For example, Methanothrix

spp. are limited to acetate utilization in monoculture but

can reduce CO2 during growth in coculture, using direct

electron transfer from syntrophic bacteria in this process

[53]. It is possible that formate does play an anabolic role

as seen in M. barkeri, where formate consumption did

not lead to significant increase in methane production but

instead led to increased acetate production (Table 1). This

hints towards the possible anabolic role of formate in

Methanosarcinales.

fdhA may have been present in the last common

ancestor of the Methanosarcinales and was lost after

the divergence between the Methanotrichaceae and

other Methanosarcinales. Then, fdhA was re-acquired

in some Methanosarcinaceae, including M. barkeri,

through horizontal gene transfer. Multiple acquisition

of this gene in Methanosarcinaceae and the present

study presents a case for re-evaluation of the wide-

spread belief of lack of formate metabolism in

Methanosarcinaceae.

Natural capability of M. acetivorans towards

formate utilization

Formate-dependent methyl-reducing and CO2-reducing

methanogenesis was made possible in M. acetivorans by

heterologous expression of FdhAB (Fig. 5). However,

Fig. 7. Growth of M. acetivorans JB-F2 under two different conditions. Growth via well-established methylotrophic methanogensis (HSMe,

green), and via the novel metabolism of formate-dependent CO2-reducing methanogenesis (HSF, brown). All three replicates are shown (A)

OD600: doubling time in HSMe medium (approximately 12 h) was similar to HSF medium (approximately 13 h) (P > 0.05) (B) Methane level

(mmol). Dashed lines represent theoretical yield of methane for each condition. (C) Methanol level (mM). (D) Formate level (mM). (E) Acetate

level (mM). (F) Doubling time of methanogenesis during ALE. Vertical dashed lines indicate change in medium composition. Blue dashed

horizontal line marks the average doubling time of methanogenesis for the transfer strains that the line spans. The ALE was performed as

described in the Materials and methods to lower the doubling time of methanogenesis of strain JB-F1. The strain obtained from ALE was

designated as JB-F2. Blue and orange dots track the doubling time of methanogenesis of which orange dots represent the transfer stages

selected for genome sequencing. Statistical significance was determined by two-tailed two sample t-test for growth rates. ALE, adaptive lab

evolution.
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this enzyme complex on its own may not be sufficient

for formate utilization, indicating that M. acetivorans

WWM73 already carries other genes allowing this activ-

ity. In Escherichia coli, fdhD has been shown to be essen-

tial for formate dehydrogenase activity [54]. FdhD,

defined as ‘formate dehydrogenase family accessory pro-

tein’ catalyzes the sulfur transfer from L-cysteine desul-

furase to formate dehydrogenase. The genome of

M. acetivorans wild-type encodes a fdhD gene that could

be as important as FdhAB for growth and methanogen-

esis from formate. The initial presence of this gene in

absence of FdhAB, suggests that it may alternatively

transfer sulfur to other target proteins.

There are no formate transporters annotated in the

genome of M. acetivorans [55], suggesting that it either

uses another transporter or relies on passive diffusion

for formate intake. Given the importance of formate

transporters seen in thermophilic methanogens, it is

likely that M. acetivorans could use an uncharacterized

formate transporter. Three genes encoding the AceTr

family proteins, shown to support formate transport in

Saccharomyces cerevisiae [37], are present in the

genome of M. acetivorans. Out of the three, only one,

ma4008, has been characterized and shown to be ace-

tate specific [36]. Upregulation of ma4393 in M. aceti-

vorans JB-MF could have made it a promising

candidate for formate transporter; however, downregu-

lation of the same in M. acetivorans JB-F2 when grow-

ing on HSF medium questions the possibility.

Additional characterization of proteins encoded by

genes–ma4393 and ma0103, would help determine

whether either could support formate transport in

M. acetivorans.

M. acetivorans WWM73 produced approximately

1.5 mM acetate in presence of formate but no formate

was consumed. However, the maximum methane and

OD600 measured was lower in presence of formate,

suggesting that acetate is produced by rerouting the

carbon from methanol to acetate instead of methane

and biomass (Fig. 4). Acetate production was also seen

in M. acetivorans JB-F2 where it produced approxi-

mately 3.6 mM acetate (Fig. 7E). The acetogenic

potential of M. acetivorans has been discussed previ-

ously when growing on CO to make ATP from con-

verting acetyl-phosphate to acetate [22].

Natural plasticity in the energy metabolism of

M. acetivorans strain JB-MF

M. acetivorans JB-MF became capable of

formate-dependent methyl-reducing methanogenesis

with heterologous expression of formate dehydrogenase

and disruption of mtr. When growing in MF medium,

the expected ratio for formate oxidation to methanol

reduction was 1 : 1, assuming only catabolism.

Approximately 15 mM residual methanol, deviating

from the 1 : 1 ratio, suggests that approximately

15 mM formate was consumed for anabolism to form

approximately 3.75 mM acetyl-CoA (four formate to

one acetyl-CoA) (Fig. 6C). The upregulation of fwd in

MF medium could be in response to increased demand

of CO2 reduction for anabolism, whereas the

Table 3. Biomass yield of M. acetivorans on different growth

media. Media composition: HSMe, methanol (60 mM); MF,

methanol (60 mM) + formate (60 mM); MFAcP, methanol

(60 mM) + formate (60 mM) + acetate (5 mM) + pyruvate (5 mM);

HSF, formate (120 mM). Data from three biological replicates.

Values expressed as the mean � SD. The total protein was

calculated by multiplying OD600 to the conversion coefficient

69.75 mg�L�1 OD600
�1. The values were calculated based on the

growth in the exponential phase. *P < 0.05, **P < 0.01 and

***P < 0.0001 indicates a significant change in JB-F2 grown in

HSF medium compared to the respective condition. Statistical

significance determined by one-way analysis of variance and the

Bonferroni test.

Strain Medium Ytotal protein/CH4 (g total protein mol�1 CH4)

WWM73 HSMe 2.17 � 0.02*

WWM73 MF 2.08 � 0.03**

JB-MF MFAcP 1.67 � 0.04****

JB-MF MF 2.01 � 0.11****

JB-F2 HSMe 1.56 � 0.10****

JB-F2 HSF 2.48 � 0.13

Table 4. Growth of M. acetivorans WWM73, M. acetivorans JB-F2

and M. maripaludis J901 in media containing DPI. Media

composition: HSMe, methanol (60 mM); MF, methanol

(60 mM) + formate (60 mM); HSFAcP, formate (120 mM) + acetate

(5 mM) + pyruvate (5 mM); HSF, formate (120 mM); McFC, formate

(400 mM) with 5 g�L�1 casamino acids. Data from two biological

replicates.

Strain Media DPIa Growth

M. maripaludis J901 McFC No Yes

M. maripaludis J901 McFC Yes Yes

M. acetivorans WWM73 HSMe No Yes

M. acetivorans WWM73 HSMe Yes No

M. acetivorans JB-F2 HSMe No Yes

M. acetivorans JB-F2 HSMe Yes No

M. acetivorans JB-F2 HSF No Yes

M. acetivorans JB-F2 HSF Yes No

M. acetivorans JB-F2 HSFAcP No Yes

M. acetivorans JB-F2 HSFAcP Yes No

aDPI was dissolved in dimethyl sulfoxide. The same amount of

dimethyl sulfoxide was added to the media that did not contain

DPI.
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upregulation of mta and mcr could be in response to

accumulated methanol and HDS as a result of the una-

vailability of additional formate as source of electrons.

In MFAcP medium, an additional 5 mM each of acetate

and pyruvate was provided. Oxidation of one acetate

molecule completely through the mWLP and cWLP

can provide electrons (2 F420H2 and 2 Fdred) to reduce

four methanol molecules to methane, implying approxi-

mately 3.75 mM acetate would be sufficient to reduce

the remaining approximately 15 mM methanol. As seen

at the end of growth in MFAcP medium, the additional

acetate and pyruvate not only were consumed as ana-

bolic substrates, but also provided electrons to reduce

all the methanol provided. The plasticity in the energy

metabolism of M. acetivorans to generate Fdred may be

enabled by the different possible options. The possible

pathways are summarized in Fig. 8. Each of the three

hypotheses are briefly discussed below: (a) the HdrABC

enzyme [56–58], (b) the HdrA2B2C2 forming complex

with FdhAB and [25] and (c) the membrane-bound Rnf

running in reverse [29,30].

Electron bifurcation via the HdrABC enzyme

Both copies of HdrABC have been hypothesized to

have the capability to bifurcate electrons from F420H2

to Fdox and HDS [24,25,58] (Fig. 8A). Out of the two

copies in the genome of M. acetivorans, this capability

has been verified biochemically only for HdrA2B2C2

[7,25]. The M. acetivorans JB-MF ΔhdrA2 mutant,

however, could grow in MF medium implying a lack

of HdrA2B2C2 involvement in Fdred regeneration. On

the other hand, M. acetivorans JB-MF ΔhdrA1 showed

a prolonged lag phase in MF medium; however,

ΔhdrA1 did not abolish growth. The prolonged lag

phase of ΔhdrA1 has been reported previously in

M. acetivorans for methylotrophic methanogenesis

where it was hypothesized that HdrA1B1C1 is possibly

used to bypass HdrED when the entire pool of MP is

fully reduced [24]. Failure to abolish growth of ΔhdrA2
and ΔhdrA1 in MF medium discards FBEB solely via

either copy of HdrABC as the possible pathway for

Fdred regeneration. The possibility of the other copy of

HdrABC making up for the deletion of one, however,

is not ruled out and could imply partial involvement

of FBEB in Fdred regeneration.

Electron bifurcation via the HdrA2B2C2 and FdhAB

complex

The multienzyme complex responsible for FBEB from

formate consists of HdrABC, FdhAB and MvhD

[15,59,60] (Fig. 8B). There is no mvhD annotated gene in

M. acetivorans but the HdrA2 of M. acetivorans has

been shown to have a fused MvhD domain [7,25]. Simi-

lar to Methanomicrobiales, the HdrABC from M. aceti-

vorans could form a complex with FdhAB to enable

FBEB from formate to HDS and Fdox. However, as

mentioned above, M. acetivorans JB-MF ΔhdrA2
mutant could grow in MF medium, discrediting this

Fig. 8. The three possible pathways for generation of Fdred (A–C). (A) FBEB by HdrABC in reverse by either HdrA1B1C1 or HdrA2B2C2.

Two F420H2 are oxidized to reduce Fdox and HDS. (B) FBEB by FdhAB–HdrABC complex. We hypothesized that HdrA2 is involved in

complex formation because it contains the MvhD domain fused to it. MvhD has been shown to be present in the FdhAB–MvhD–HdrABC

complex from methanogens without cytochromes. (C) Fdox reduction by Rnf using electrons from MPH2 and chemiosmotic gradient. This

reaction is the reverse of the proposed role of Rnf in M. acetivorans. All reduced cofactors are shown in orange and the oxidized

counterparts are shown in blue. Enzymes: Rhodobacter nitrogen fixation complex (Rnf), F420H2 dehydrogenase (Fpo), heterodisulfide

reductase (Hdr), formate dehydrogenase (Fdh). flavin-based electron bifurcation (FBEB), CoM-S-S-CoB heterodisulfide (HDS) and reduced

ferredoxin (Fdred). FBEB, flavin-based electron bifurcation; Fdred, reduced ferredoxin; HDS, CoM-S-S-CoB heterodisulfide. Created with

Biorender.com.
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hypothesis, and showing a lack of involvement of Fdh–
Hdr complex in Fdred regeneration.

Membrane-bound Rnf running in reverse

The Rnf complex couples the oxidation of Fdred to the

reduction of MP and pumps out 3 Na+ during this

process in M. acetivorans [7,23,61] (Fig. 8C). In other

microbes, Rnf has shown to demonstrate the activity

of Fd:NADH oxidoreductase [30]. Using a Na+ gradi-

ent, it was able to catalyze endergonic reduction of

Fdox using NADH [30]. A similar reduction of Fdox
could be possible in M. acetivorans where the chemios-

motic gradient is built through Fpo and MPH2

replaces NADH as the source of electrons. The lack of

growth of M. acetivorans JB-MF rnfBE63X mutant in

MF medium supports the hypothesis of Rnf being

essential in Fdred regeneration.

Formate as the sole carbon and energy source in

Methanosarcinales

M. acetivorans JB-F2 grows by a metabolic pathway

novel to the Methanosarcinales order and to

cytochrome-containing methanogens (Fig. 5B).

Formate-dependent CO2-reducing methanogenesis in

M. acetivorans JB-F2 highlights the strains capability

to produce Fdred required for CO2 reduction and

anabolism without using H2 as an intermediate, pro-

viding evidence for high H2 thresholds as the limiting

factor for formate utilization in Methanosarcina with

H2-dependent electron transport system [1]. Although

FdhAB enabled CO2 reduction to methane, the pro-

cess was slow in the beginning, which was remedied by

ALE, increasing the fitness of the strain on formate.

Although JB-F2 exhibits a catabolism similar to

methanogens without cytochromes, cytochromes are

still required for the formate-dependent CO2-reducing

methanogenesis in M. acetivorans JB-F2 as confirmed

by growth inhibition as a result of DPI.

The present study opens the way to better under-

stand the mysterious formate metabolism in Methano-

sarcinales. Genomic integration of a functional fdhAB,

along with ALE, enabled formate-dependent methano-

genesis in M. acetivorans. This remarkable finding

could only be possible by M. acetivorans meeting us

halfway with its flexibility and redundancy in the

energy metabolism. Formate dependent methanogen-

esis in M. acetivorans may be considered an example

of ‘nature’ (i.e. the plasticity of metabolism towards

formate and Fdred regeneration) AND ‘nurture’ (our

genetic engineering efforts with ALE) working in tan-

dem towards a common goal.

Materials and methods

Microbiological and molecular methods

Lysogenic broth containing 50 mg�L�1 ampicillin was used

for plasmid construction in E. coli NEB5a. M. acetivorans

and M. barkeri were cultured in a high-salt medium tai-

lored to the specific requirements of the experiment [62].

Depending on the experimental conditions, substrates were

added as follows: 60 mM methanol alone (HSMe); 60 mM

methanol combined with 60 mM formate (MF); a mixture

of 60 mM methanol, 60 mM formate, along with 5 mM each

of acetate and pyruvate (MFAcP); 120 mM formate alone

(HSF); or a mixture of 120 mM formate, along with 5 mM

each of acetate and pyruvate (HSFAcP). Media was supple-

mented with 1 g�L�1 casamino acids where specified.

M. maripaludis was cultured in McFC medium as described

previously [63]. Cultures were grown at 37 °C with the gas

phase consisting of 50% N2/20% CO2/30% of 1% H2S in

N2 at atmospheric pressure. The attenuance of the cultures

was tracked using Eppendorf BioPhotometer plus spectro-

photometer. DPI (Sigma-Aldrich, St Louis, MO, USA) was

dissolved in dimethyl sulfoxide and added where mentioned

to the media at a final concentration of 20 lM. Plasmid

construction was carried out according to standard proto-

cols. Liposome-mediated methods and polyethylene glycol-

mediated methods were used to transform M. acetivorans

[64]. An optimized CRISPR/Cas9 genome editing toolbox

was used to delete genes [65,66]. The media composition,

strains, primers and gRNA, as well as the plasmids used in

the present study are listed in Tables S2, S3, S4 and S5,

respectively.

Strain construction

The construction of strain JB-MF was achieved by intro-

ducing the recombinant fragment ‘mtr::fdh P1P10’ into

M. acetivorans WWM73, followed by screening on MFAcP

plates supplemented with 1 g�L�1 casamino acids and

2 lg�mL�1 puromycin. The ‘mtr::fdh P1P10’ fragment was

generated through overlap PCR by concatenating frag-

ments ‘mtr::fdh P1P2’, ‘mtr::fdh P3P4’, ‘mtr::fdh P5P6’,

‘mtr::fdh P7P8’ and ‘mtr::fdh P9P10’. Fragments ‘mtr::fdh

P1P2’ and ‘mtr::fdh P9P10’ were amplified using the

M. acetivorans WWM73 genome as a template, whereas

‘mtr::fdh P3P4’ and ‘mtr::fdh P5P6’ utilized the M. barkeri

WWM155 genome. The ‘mtr::fdh P7P8’ fragment was

amplified from pM001. The excision of the pac-hpt selec-

tion marker from the strain was achieved by introducing

the ‘mtr::fdh P11P14’ fragment into the previously men-

tioned strain. This fragment includes approximately 1.1 kb

of homologous recombination regions upstream and down-

stream of the pac-hpt cassette. Following this introduction,

counterselection was performed on MFAcP plates

containing 20 lg�mL�1 8-aza-2,6-diaminopurine. Strain
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M. acetivorans JB-F1 was engineered by transforming

PvuI-linearized pfdh V3 into M. acetivorans WWM73, fol-

lowed by screening on HSMe plates with 2 lg�mL�1 puro-

mycin. The pfdh V3 plasmid was assembled using Gibson

assembly, incorporating fragments ‘frh::fdh P15P16’, ‘frh::

fdh P17P18’, ‘frh::fdh P19P20’, ‘frh::fdh P21P22’, ‘frh::

fdh P23P24’, ‘frh::fdh P25P26’, ‘frh::fdh P27P28’, and the

ApaI and SacI-digested p425GPD vector. The pac-hpt

marker was excised through counterselection on HSMe

plates containing 20 lg�mL�1 8-aza-2,6-diaminopurine. The

rest of the strains were constructed by transforming the

corresponding plasmids. The assembly of additional plas-

mids was performed using Gibson cloning and Golden

Gate cloning techniques, adhering to standard plasmid con-

struction protocols [67,68].

Quantification of formate dehydrogenase activity

Here, 10 mL cultures of M. acetivorans, propagated on

methanol, were harvested by centrifugation (5400 g) for

10 min. Cleared cell-free lysates were prepared by resuspend-

ing the pellets in 1 mL potassium phosphate buffer (KP)

(50 mM, pH 7.2) and incubating for 30 min on ice before

centrifuging (5400 g for 10 min) again. Fdh activity was

determined anaerobically in stoppered cuvettes (flushed with

N2) from the supernatant by following formate-dependent

benzylviologen (BV) reduction (at 578 nm for 5 min); 1-mL

assays consisted of 750 lL of KP, 100 lL of 1 M formate

and 100 lL of BV (10 mM in KP); before starting the assay

with 50 lL cleared cell-free lysate, BV was slightly pre-

reduced with 10 lL of 100 mM Na-dithionite (until light

blue); stock solutions were made anaerobic by repeated

gas/vacuum cycles in stoppered vials; formate-independent

BV reduction of the extract was subtracted from the values

to account for unspecific oxidoreductase activity. Specific

Fdh activity was calculated using an absorption coefficient

for BV of 8.65 mM
�1�cm�1 [69] and is given in U (1 lmol

BV reduced min–1) mg–1 protein. All protein quantification

was performed using the BCA Protein Assay Kit (Pierce,

Waltham, MA, USA) and employing the method of Brad-

ford [70].

Metabolite analyses

Methanol, formate and acetate were quantified using
1H-NMR spectroscopy. Growth medium samples were com-

plemented with 10% D2O and 0.10% 1,4-dioxane as an

internal standard for quantification. The 1H-NMR spectros-

copy measurements were performed at 298 K on a

400 MHz Bruker Avance III spectrometer (Bruker, Bremen,

Germany) equipped with a 5-mm room temperature BBFO

probe. Data acquisition was performed using TOPSPIN, ver-

sion 3.6.2 (Bruker). The spectra were measured with a repe-

tition time of 9.1 s over 16 scans using a 1D NOESY

method with presaturation during relaxation delay and mix-

ing time. The chemical shifts were calibrated on the signal of

dioxane, set to 3.70 ppm. The integration values of peaks at

8.39 ppm for formate (s), 3.30 ppm for methanol (s) and

1.57 ppm for acetate (s) used for quantification. The meth-

ane level in the headspace gas sample was measured using

gas chromatography-flame ionization detection (Agilent HP

6890 Gas Chromatograph; Agilent Technologies Inc., Santa

Clara, CA, USA), equipped with an HP-Al/KCl column

(length 50 m; diameter 0.32 mm, thickness 8 lm). The head-

space gas samples were injected with a Gastight 1700 Sam-

pleLock Syringe (100 lL, PN81056) (Hamilton). The gas

chromatography-flame ionization detection setup comprised

the temperature of the front inlet set to 200 °C, that of the
column oven to 40 °C (isothermal) and that of front detec-

tor to 250 °C. The pressure of the front inlet was set

to 1.45 bar, and the total flow of helium was set to

15.2 mL�min�1. The mobile phase was hydrogen and syn-

thetic air at a flow rate of 35 and 350 mL�min�1. The

makeup flow was 26 mL�min�1 for helium.

ALE

M. acetivorans JB-F1 was initially cultivated in HSMe

medium supplemented with 125 mM methanol (Transfer 1,

T1). Subsequently, cells were washed twice using HS

medium and then transferred (T2) to 10 mL of HSFAcP

medium, supplemented with 1 g�L�1 casamino acids. After

4 weeks, 1 mL from T2 culture was transferred (T3) to

another 10 mL of HSFAcP medium, supplemented with

1 g�L�1 casamino acids. After 23 days, 1 mL from the T3

culture was transferred (T4) to 10 mL of HSFAcP medium,

containing 120 mM formate, 5 mM each of acetate and

pyruvate. After 16 days, 1 mL from the T4 culture was

transferred (T5) to 10 mL of HSF medium. Gas chroma-

tography measurements were conducted from the T5 cul-

ture onward, ranging from every 4 days to daily, depending

on the rate of methanogenesis. Once the exponential phase

of methanogenesis finished, 1 mL of the culture was trans-

ferred to a fresh 10 mL of HSF medium. From T24 for-

ward, the volume of inoculum was reduced to 200 lL to

accommodate the increased growth rate.

Estimation of the free energy available after

growth of strain JB-F2 on formate

Free energy for formate-dependent CO2-reducing methano-

genesis at standard conditions:

4 HCOO� + 4 H+ = 3 CO2 + CH4 + 2 H2O

ΔG° = �304.0 kJ�mol�1, ΔG°0 = �144.4 kJ�mol�1

The free energy (ΔG ) is calculated according to:

ΔG = ΔG° + RT ln(K ).

For simplicity, we provide the calculation of the thermo-

dynamics at T = 298 K (25 °C, standard conditions), even
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though the incubations were at 37 °C. This estimation gives

a value (error) that is approximately 1.5 kJ�mol�1 lower

than if calculated at 310 K (37 °C, the actual incubation

temperature).

K is defined as: K = [CO2]
3 9 [CH4]/([HCOO�]4 9

[H+]4).

Concentrations of products and residual substrates after

incubation of JB-F2 with formate can be found in Table 5.

The CO2 partial pressure could not be directly measured.

If all CO2 derived from the consumed formate would end up

in the headspace, a partial pressure of 1.2 bar would be

obtained, which serves as the upper limit. When comparing

methanogenesis by JB-F2 on formate vs. on methanol, we

observed that growth on methanol leads to a much stronger

pressure build-up compared to formate-dependent CO2-

reducing methanogenesis, even though, in both cases, the

same amount of gas would be expected. The CO2 formed

from formate is putatively absorbed partly in the medium as

a result of the pH increase. We therefore estimate 0.2 bar

CO2 as the lower limit, which corresponds to the initial par-

tial pressure if all newly formed CO2 would stay in solution.

Results of the thermodynamic calculations:

For a CO2 partial pressure of 0.2 bar: K = 1.45*1036,
ΔG = �97.7 kJ�mol�1.

For a CO2 partial pressure of 1.2 bar: K = 3.13*1038,
ΔG = �84.4 kJ�mol�1.

Taking uncertainties of other values into account (e.g.

pH measurement, influence of temperature), we conclude

that the free energy is between �100 and �80 kJ�mol�1.

Assuming the calculated range of free energy and the ΔG
for ATP formation is in the range 60–80 kJ�mol�1 [71], we

can get an ATP yield of 1–1.67 ATP mol�1 CH4.

Nucleic acid isolation, sequencing and analysis

The genomic DNA was extracted with Wizard Genomic

DNA Purification Kit (Promega, Madison, WI, USA). The

Microbial WGS was performed using Illumina NovaSeq

6000 by Novogene (UK) Company (Cambridge, UK). The

resultant data was filtered using TRIMMOMATIC [72], aligned

using BWA-MEM2 [73] to M. acetivorans C2A genome [55]

(accession no AE010299) and analyzed for single nucleotide

polymorphisms and SVs using SAMTOOLS [74] and BREAK-

DANCER [75]. For transcriptomics, the cultures were grown

in triplicates to an OD600 of 0.3–0.4 and pelleted in RNA-

protect (Qiagen, Hilden, Germany). RNA was isolated

using a RNA isolation kit (Qiagen). The total RNA was

sent to Novogene for library prep and sequencing. The

resultant data were filtered using trimmomatic and ana-

lyzed using Geneious Prime 2023.1.2 Workbench

(https://www.geneious.com). For genome reference for tran-

scriptomics, M. acetivorans C2A genome (accession no

AE010299) was modified to have four extra sequences

reflecting CDS of fdhAB, tetR and phi31. The differential

gene expression analysis was done using DESEQ2 [76] in

Geneious Prime 2023.1.2 (https://www.geneious.com).

Database for phylogenetic analysis

The database used to search for FdhA homologs contains

10 864 prokaryote proteomes from NCBI and has been

assembled in a previous study [5]. Several sampling steps

were applied to assemble this database. First, we removed

the redundancy based on taxonomic IDs. Second, we per-

formed a whole genome comparison and used a clustering

approach to group closest genomes, and then selected one

representative genome per group. Third, we clustered the

genomes by phylum/major clade and performed a cluster-

ing based on RpoB sequences. The representative genomes

were selected using the NCBI completeness status, the

NCBI representative status, the availability of annotation

files and the number of proteins reviewed in Uniprot.

Phylogenetic analysis

We searched the homologs of FdhA using HMMsearch

from HMMER v3.3.2 suite [77], using an HMM profile built

from an alignment of several FdhA sequences. The

sequences presenting a e-value < 0.01 were selected and

aligned using MAFFT v7.490 [78] (default parameters). The

alignment was trimmed using BMGE v1.12 [79] (-b 1 -w 1 -h

0.95 -m BLOSUM30 options) and the trimmed alignment

has been used to infer a phylogenetic tree using FASTTREE

v2.1.10 [80] (LG + G4). We then delineated the FdhA sub-

family among the big homolog family using the topology,

branch length and sequence length.

For the phylogenetic analysis, the sequences have been

sampled using a selection of 401 bacteria [5] and 525

archaea (457 archaea corresponding to 1–15 genomes per

major clade and 68 genomes of Methanosarcinales). We

also added sequence of M. mazei identified by a BLASTp

on NCBI, two sequences of other Methanosarcinales and

two sequences of Methanoflorentaceae that were not present

in the initial database. The sequences have been realigned

using MAFFT-LINSI [78], and the resulting alignment has been

manually curated. The alignment was then trimmed using

Table 5. Concentrations of products and residual substrates after

incubation of JB-F2 with formate.

Species Concentration Comment

Formate

(HCOO�)
0.0115 M Measured via 1H-NMR

spectroscopy

Protons (H+) 1.58 9 10�8
M Measured pH = 7.8

Methane (CH4) 0.2 bar Measured via gas

chromatography

Carbon dioxide

(CO2)

0.2–1.2 bar Estimation
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BMGE [79] (-b 1 -w 1 -h 0.95 -m BLOSUM30 options) and

the trimmed alignment has been used to infer a phyloge-

netic tree using IQ-TREE v1.6.12 [81], using the best suited

model according to the BIC (LG + R10). The robustness

of the branches has been assessed by 1000 ultrafast boot-

strap replicates. The figure was generated using ITOL [82].
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