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The tetrahydromethanopterin (H4MPT) methyl branch of the Wood-Ljungdahl (WL)
pathway is shared by archaeal and bacterial metabolisms that greatly contribute to the
global carbon budget and greenhouse gas fluxes: methanogenesis and methylotrophy,
including methanotrophy 2. It has been proposed that the HsMPT branch dates back to
the Last Universal Common Ancestor (LUCA)*®. Interestingly, it has been recently
identified in a number of recently sequenced and mostly uncultured non-methanogenic and
non-methylotrophic archaeal and bacterial lineages, where its function remains unclear>’.
Here, we have examined the distribution and phylogeny of the enzymes involved in the
H4sMPT branch and the biosynthesis of its cofactors in over 6400 archaeal and bacterial
genomes. We find that a full WL-H,;MPT pathway is widespread in Archaea and likely

ancestral to this domain, whereas this is not the case for Bacteria. Moreover, the inclusion



of recently sequenced lineages leads to an important shortening of the branch separating
Archaea and Bacteria with respect to previous phylogenies of the HyMPT branch. Finally,
the genes for the pathway are co-localized in many of the recently sequenced archaeal
lineages, similar to bacteria. Together, these results weaken the LUCA hypothesis and
rather favor an origin of the H4MPT branch in Archaea and its subsequent transfer to
Bacteria. We propose a scenario for its potential initial role in the first bacterial recipients,
and its evolution up to the emergence of aerobic methylotrophy. Finally, we discuss how an
ancient horizontal transfer not only triggered the emergence of key metabolic processes but
also important transitions in Earth’s history.

The WL pathway consists of the reversible reduction of CO; into the carbonyl and methyl
moieties of acetyl-CoA through two separate (carbonyl and methyl) branches® (Figure 1). There
exist two versions of the methyl branch, one using tetrahydrofolate (H4F), and the other
methanofuran (MF) and tetrahydromethanopterin (H4MPT) as cofactor carriers of reduced
carbon. Archaea use the H4MPT methyl branch either in the reductive direction for carbon
fixation and/or CO,-reducing methanogenesis, or in reverse for anaerobic acetyl-CoA or methane
oxidation’. Other uses have been proposed, such as participation in the oxidation of short-chain
alkanes®®. Five enzymatic steps are involved: in the reductive direction, (1) CO, is reduced to
MF-bound formyl (Fwd enzyme complex), (2) formyl is transferred to H4MPT (Ftr), cyclized
into (3) methenyl (Mch), and then progressively reduced to (4) methylene (Mtd/Hmd) and (5)
methyl (Mer) (Figure 1). Then, the H4MPT-bound methyl is either transferred to coenzyme M
and reduced to methane (methanogenesis), or combined with CO and CoA to form acetyl-CoA in
the carbonyl branch of the WL pathway (CO fixation). In methylotrophic Proteobacteria, the

H4MPT branch is entered at methylene-H;MPT through the formaldehyde-activating enzyme



(Fae) and operates in the oxidative direction (via bMtd and Mch) before being diverted into the
H4F methyl branch of the WL pathway (Fhc), the Serine cycle, and the Calvin cycle (Figure 1).
The H4MPT branch appears as a module in aerobic methylotrophy or as standalone thus playing
roles in carbon assimilation, formaldehyde detoxification, and energy conservation®.

The initial discovery of the HsMPT branch in methylotrophic Proteobacteria 20 years ago gave
rise to two alternative hypotheses on its evolutionary origin: either it was acquired via horizontal
transfer from methanogenic archaea or it was inherited from the Last Universal Common
Ancestor (LUCA)*2. The LUCA scenario gained traction when the HyMPT branch was also
found in Planctomycetes, where it is supposed to perform formaldehyde oxidation*. Two main
arguments were put forward: (i) the distinct separation between Bacteria and Archaea in
phylogenies of some H4MPT components (Figure 2a) and cofactor biosynthesis genes, and (ii)
the lack of gene co-localization in archaeal methanogens as opposed to Bacteria, making a
concurrent transfer inherently difficult****. However, considering the large number of
independent losses of the pathway in Bacteria implied by the LUCA hypothesis, the transfer
scenario has remained a valid alternative®,

The presence of an H4MPT branch has since been highlighted in members of several bacterial
lineages. These include some Gemmatimonadetes, proposed to be aerobic methylotrophs™, and
the candidate division NC10, including Candidatus Methylomirabilis oxyfera which is anaerobic
and performs methane oxidation coupled to denitrification'®. Nonetheless, many bacteria with an
H4MPT branch are non-methylotrophic and their use of the pathway is unknown?°. Even among
Proteobacteria there exist some non-methylotrophs (e.g. members of the Burkholderiales) which
probably use the branch for formaldehyde oxidation'®. The H,MPT branch has also been recently

found in a number of uncultured, non-methanogenic archaea, including Persephonearchaea



(MSBL1), Hadesarchaea, Theionarchaea, Altiarchaeales, Thorarchaeota, Bathyarchaeota, and
Lokiarchaeota®. This wider distribution has been proposed to support the LUCA scenario®°.
Moreover, a recent survey of genes potentially present in the LUCA found some components of
the H4MPT methyl branch, although not the complete pathway®. However, a comprehensive
phylogenetic analysis including all the recently discovered lineages has been lacking, and the
evolution of several H4MPT and MF biosynthetic genes has never been studied.

By screening a local databank of 643 archaeal and 5,796 bacterial genomes, we could infer the
presence of a complete or almost complete HsMPT methyl branch in the majority of analyzed
archaeal lineages, while its distribution in Bacteria appears to be much more restricted
(Supplementary Data 1). We found bacterial homologs of the Fwd complex, Ftr, and Mch, but no
homologs of Mtd. Concerning Mer, it is a member of the vast luciferase-like family, and we
could not identify it from our homology searches. However, it has never been reported in
Bacteria. Although most single gene phylogenies could not be completely resolved because of
poor sequence conservation, a few intradomain transfers, and the presence of paralogous copies
(Supplementary Figures 1-7), three subunits of the Fwd complex (FwdABC) had a congruent
history and could be concatenated to increase their phylogenetic signal (Methods). The FwdABC
phylogeny is overall resolved (Figure 2b and Supplementary Figure 8). Interestingly, the addition
of the recently sequenced lineages leads to a shortening of the branch separating Archaea and
Bacteria to one tenth and one fifth with respect to that obtained using lineages that were available
in 1999*2 and 2004*** respectively (Figure 2a). Such a short branch is unlike those usually
observed for genes inferred in the LUCA (see for example®’). Similar results were obtained for
Mch (1999: 0.8941, 2004: 0.3426, this study: 0.0793 substitutions per site, respectively).

Strikingly, the genes for the HMPT branch are often co-localized in the newly added archaeal



lineages (Figure 2c), consistently with recent observations?. This is unlike methanogens but
similar to Bacteria, including the non-methylotrophs (Figure 2c). These results (evolutionary
proximity of archaeal and bacterial homologs and gene co-localization in archaea) weaken the
two main arguments previously put forward in favor of the LUCA scenario, and rather support a
horizontal transfer.

Regarding the direction of the transfer, a number of arguments favor one from Archaea to
Bacteria. The archaeal part of the FwdABC phylogeny is overall consistent with the known
relationships within this domain®®, in particular the presence of clades corresponding to the
Euryarchaeota and TACK-Asgard and the monophyly of major lineages within (Figure 2b).
Despite being less resolved and containing a few horizontal gene transfers, the phylogenies of
the other components of the pathway (Ftr, Mch, Mtd, Mer) also show overall similar clades,
suggestive of a similar evolutionary history (Supplementary Figures 1, 2, 4 and 6, and their
legends for additional discussion). Coupled with the wide taxonomic distribution of the HMPT
methyl branch in Archaea (Supplementary Data 1), this strongly suggests its presence in the Last
Archaeal Common Ancestor (LACA). In addition, almost all archaeal lineages that possess the
H4MPT branch also have the carbonyl branch (Supplementary Data 1), granting them a complete
WL pathway. In contrast, the two branches never coexist in Bacteria, with the exception of some
Firmicutes and one 3-Proteobacteria which are homoacetogens/acetate oxidizers'®?
(Supplementary Data 1). Because a functional carbonyl branch was likely present in the LUCA,
and therefore in the ancestor of all Bacteria?, this lack of co-occurrence could be explained by
the fact that the HyMPT branch in Bacteria was indeed acquired later from Archaea.

Under any of the current three alternative rootings of the archaeal phylogeny (i.e. in between

Euryarchaeota and the TACK, at the DPANN, or within Euryarchaeota; see'® and references



therein), the bacterial homologs stem from within the archaeal radiation, and in particular close
to the Altiarchaeales, Hadesarchaea, Persephonearchaea (MSBL1), and Theionarchaea (Figure
2b). The hypothesis of a transfer from Archaea to Bacteria is also supported by the overall
similar topologies of the Ftr and Mch trees (Supplementary Figures 1 and 2) to the FwdABC
tree.

An argument against the transfer scenario could be the fact that until recently, Archaea were
known to use enzymes non-homologous to the bacterial ones for the methylene-methenyl
oxidoreduction (Mtd and Hmd). Surprisingly though, several members of the recently sequenced
archaeal lineages analyzed here possess a bMtd homolog together with or instead of Mtd
(Supplementary Data 1). Also, these bMtd homologs are commonly clustered in both archaeal
and bacterial genomes with the other H4MPT branch genes (Figure 2c). Although the bMtd
phylogeny is poorly resolved (Supplementary Figure 3), these results suggest that bMtd was also
likely part of the original transfer from Archaea to Bacteria.

Under the hypothesis that the HsMPT branch was transferred from Archaea to Bacteria, it is
expected that this event would have involved also enzymes necessary for the biosynthesis of the
MF and H4MPT cofactors. It should be mentioned that many steps of folate and H;MPT
biosynthesis are catalyzed by different enzymes across Bacteria and Archaea. Some of the genes
involved in H4MPT cofactors biosynthesis in Archaea (e.g. MptD, MptE) are present in a few
bacteria but generally not in the ones that possess the H4MPT branch?, and thus they were
omitted from our analysis.

Along with the discovery of the H4MPT branch in Planctomycetes, it was observed that in
Bacteria these genes are clustered with some genes related to methanol oxidation and to the

biosynthesis of pterin cofactors*****?, Two genes encode dihydromethanopterin reductase



(DmrX/DmrB/AfpA) and B-ribofuranosylaminobenzene 5’-phosphate synthase (MptG). Ten
other genes had unknown or only predicted functions and were referred to as numbered open
reading frames (ORFs)**3*2* The phylogenies of some of these ORFs and MptG were found to

be similar to those of the HyMPT branch components**34

, suggesting a common evolutionary
history. Mutagenesis experiments and bioinformatic annotation in Methylobacterium extorquens
suggested a role in HsMPT biosynthesis for most of these ORFs**?. Since then, the genes for
MF and to some extent HsMPT cofactor biosynthesis have been characterized in the archaeon
Methanocaldococcus jannaschii and other methanogens, and their correspondence to the M.
extorquens ORFs has been assigned (see Supplementary Figures 9-10 and their legends for
additional discussion and references).

Similar to the H4MPT branch, we analyzed the distribution and phylogeny of these twelve genes
(10 ORFs, DmrX/DmrB/AfpA, MptG) in our archaeal and bacterial genomes (Supplementary
Data 1 and Supplementary Figures 11-20). Seven of the original ORFs correspond to the
characterized enzymes in the MF (Orf1/MfnD, Orfo/MfnF, Orf21/MnfE, Orf22/MnfB) and
putatively in the HsMPT (Orf5/MptN, Orf20, OrfY) biosynthesis pathways (Figure 2c,
Supplementary Figures 9-10 and their legends for additional discussion and references).
Moreover, we could putatively assign two of the remaining ORFs (Orf7, 17) to yet
uncharacterized reactions of H4MPT biosynthesis, allowing us to propose an almost complete
pathway (Figure 2c, Supplementary Figure 10 and its legend for additional discussion and
references).

Despite the lack of resolution and the presence of horizontal transfers, the phylogenies of these
enzymes (Supplementary Figures 11-20) are very similar to those of the HyMPT branch. This

suggests that the same horizontal transfer from Archaea might have introduced the H;MPT



branch in bacteria along with the necessary cofactor biosynthesis enzymes, an event that would
have involved at least 18 genes. This scenario is also supported by co-localization of cofactor
biosynthesis and HyMPT branch genes in both Bacteria and Archaea (Figure 2c).

Interestingly, most cofactor biosynthesis genes have a wide distribution in Archaea with respect
to Bacteria (Supplementary Data 1). Their presence in various Crenarchaeota and -for some- in
Thermococcales has been known**® but we also found homologs in Heimdallarchaeota and
Aigarchaeota (Supplementary Data 1). These genes might represent functionally-repurposed
remnants of an ancestral HyMPT branch which was lost in these lineages.

It has been proposed that bacterial methylotrophy likely arose from the combination of different
modules, with the HsMPT branch predating it>*°. The inclusion of current bacterial and archaeal
diversity in our analysis allows us to draw a more comprehensive scenario for the assembly of
methylotrophy around the H4MPT branch (Figure 3). From our results, and as discussed above, it
is very likely that a complete WL pathway was already present in the LACA (Figure 3, black
dot). The H4MPT branch (Fwd, Ftr, Mch, and possibly bMtd) plus the cofactor biosynthesis
enzymes (but not the carbonyl branch) were then transferred to Bacteria (Figure 3, red dot), and
then spread through a combination of vertical inheritance followed by multiple independent
losses and further intra-domain transfers. Planctomycetes seem to have acquired at least part of
the pathway (Fwd, Ftr) independently two or three times (Figure 2b and Supplementary Figure 8,
and Supplementary Figure 1, respectively). A key event was the addition of Fae to the pathway
before the divergence of Planctomycetes and the NC10 phylum (Figure 3, green dot). As Fae
allows linkage of methyl compound oxidation into formaldehyde to the H4MPT branch, this
event would have led to the use of the pathway for formaldehyde oxidation and eventually for

(denitrifying) methylotrophy in NC10. There exist multiple Fae homologs (Fae-like proteins) in



Bacteria (Supplementary Data 1), but the canonical Fae is likely the original component, as it co-
localizes with the H4MPT genes (Figure 2c), is widespread in methylotrophs (Supplementary
Data 1), and is the only one whose mutant cannot be complemented by other homologs***. The
Fae homologs in bacteria might also have originated through subsequent transfers from Archaea,
where the enzyme is far more widespread (Supplementary Data 1 and Supplementary Figure 7).
At this point, methylene-HsMPT was still fully oxidized to CO,. The next milestone would have
been the loss of the FwdD subunit (Figure 3, orange dot). In organisms without FwdD, like a,f,y-
Proteobacteria and most Planctomycetes, the FwdABC subunits and Ftr form a complex called
Fhc'®2* (Figure 1). Fhc performs the formyl transfer to MF analogs and then lyses it to formate
instead of oxidizing it fully to CO,, since it probably lacks the formate dehydrogenase activity of
the FwdBD subcomplex®. Formate fluxes could be diverted to CO, (using Fdh) and to
methylene-H4F, to be used in the Serine Cycle or Calvin Cycle?®, thus creating the link between
the H4MPT branch and the methylotrophic assimilation pathways (Figure 1), leading to the
emergence of contemporary aerobic methylotrophy (Figure 3).

Almost all archaeal lineages that possess the HyMPT branch also have the carbonyl branch,
granting them a complete WL pathway, while this is not the case in Bacteria (Supplementary
Data 1). Thus, one major question that remains to be answered is what the potential function of
the HsMPT methyl branch in the pre-methylotrophic (without Fae) bacterial lineages might have
been®. In the phylogenies of the HsMPT branch enzymes, the bacterial lineages closest to the
putative initial transfer are the Limitata, Synergistetes, and Firmicutes (Clostridia,

Halanaerobiales) (Figure 2b and Supplementary Figures 2, 3, 8).



Limitata are a deep-branching uncultured clade related to Synergistetes (Supplementary Figure
21) and are currently represented by two mostly complete (GBS1: 100%, 42_11: 84.1%)
metagenome-assembled genomes (MAGs) placed under NCBI’s “Unclassified Bacteria”.

We analyzed the metabolic potential of the Limitata MAGs to gain some clues about the role of
the H4MPT branch (Figure 4, Supplementary Data 2). In Limitata, the HsMPT branch might
potentially work in either the oxidative or the reductive direction. In the reductive direction, the
branch could serve as a carbon-fixing electron sink during fermentative growth, as is the case in
some Firmicutes®’. Recently it was also proposed that an uncultured member of the &-
Proteobacteria can autotrophically fix carbon through the H4F branch leading into the Glycine
Cleavage System (GCS)?. However, given that in other bacteria (Proteobacteria,
Planctomycetes, NC10) the HsMPT branch operates oxidatively, a reductive direction seems
unlikely in Limitata.

In the oxidative direction, methylene is fully oxidized to CO,. In the absence of Fae, though
formaldehyde can spontaneously condense with HsMPT at low rates?®, the most plausible way to
link methylene-H4sMPT with the rest of the metabolism (amino acid fermentation, pyruvate from
glycolysis) is through serine and glycine (Figure 4). Normally, one methylene-H,F is produced
during the conversion of serine to glycine by the serine hydroxylmethyltransferase, and then the
GCS converts the glycine to another methylene-HsF, CO,, and NH3. Nevertheless, according to
our inference, in Limitata the serine hydroxylmethyltransferase and the GCS should be able to
produce methylene-H;MPT instead of methylene-H,F (Figure 4). For serine
hydroxylmethyltransferase, this indeed seems to occur in Archaea, such as Methanosphaera
stadmanae and Methanococcus thermolithotrophicus®. The full oxidation process is expected to

produce five reducing equivalents per serine molecule, or three per glycine molecule.
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Limitata possess Hox-like and Mbh-like hydrogenases that are possibly used for hydrogen
production to regenerate cofactors and dispose of excess reductants resulting from
fermentation®, including those that would be produced by the HsMPT branch working in the
oxidative direction® (Figure 4). In lineages with the HyMPT branch, such as Halanaerobium
(Firmicutes) and Anaerobaculum (Synergistetes, the closest relatives of Limitata)
(Supplementary Data 1), hydrogen production associated to fermentation has also been reported.
In these bacteria, presence of the HsMPT reactions in addition to normal fermentation might be
related to their sizeable biohydrogen yield which is consumed when co-cultured with a
methanogen?*. Hydrogen production ties in to the ecological roles of these bacteria: for
example Anaerobaculum has been found in oil pipes where it seems to act as a syntrophic partner
to a methanogen®*. Since Limitata genomes originate from environments similar to those of
Anaerobaculum and Halanaerobium (oil fields, hot spring sediments), they probably fulfill a
similar role. From these considerations, one possibility is that the original role of the HsMPT
methyl branch in non-methylotrophic Bacteria was to increase their hydrogen production, which
in turn would promote CO; fixation by surrounding bacteria or archaea with a WL pathway and
would lead to higher biomass and carbon turnover.

Methane and carbon dioxide, two end products of the WL pathway, represent centerpieces of the
global carbon cycle, and have been of crucial importance to global climate change through
geological time**. Having determined the presence of a complete WL pathway in the LACA (*
and this study) lends credibility to previous work that places the origin of methanogenesis at 3.46
Ga or even earlier®. In contrast, the origin of methylotrophy is harder to determine. In the past,
the extremely *C-depleted (-45 to -60%o) isotopic signatures found in the late Archean have

been referred to as the “Age of Global Methanotrophy” and attributed over time to aerobic
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methylotrophs, archaeal anaerobic methane oxidizers (ANME), and more recently to multiple
uses of the WL pathway, including acetogenesis®’. However, methylotrophs do not produce
carbon isotopic signatures in that range®*.

In recent years, the taxonomic range of (bona fide) bacterial methylotrophs has expanded
through the discovery of methanol dehydrogenases and the HsMPT branch in lineages outside
the Proteobacteria, namely Gemmatimonadetes and Acidobacteria (>*° and this study). This
origin of aerobic methylotrophy seems to correspond to the loss of FwdD (Figure 4) and is
exemplified by these lineages sometimes being on long branches in our phylogenies, possibly
resulting from rapid adaptation (Figure 2b, Supplementary Figures 2, 11). This is especially
interesting in the case of a,f,y-Proteobacteria, as some divergence dating studies have placed
their origin close to 2.5 Ga™. It could then be speculated that the emergence of aerobic
methylotrophy is linked to the Great Oxygenation Event (GOE) and increased oxygen

concentrations in the atmosphere. Shortly after the GOE, global temperatures plummeted,

causing the Paleoproterozoic glaciations. In some models, this climate shift was driven by the

collapse of the methane greenhouse that contributed to sustaining the temperature of the Archean

Earth*'. Various reasons for this collapse have been proposed, such as a strong decrease of
methanogen populations due to nickel depletion®?, and/or an increase in anaerobic methane
oxidation spurred by higher sulfate levels*. More recently, the contribution of aerobic

methanotrophy as a suppressor of methane fluxes slightly prior to the GOE has also been

considered*. The emergence of aerobic methylotrophy, which includes methanotrophy, near the

GOE could have therefore contributed to the collapse of the methane greenhouse.
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In conclusion, our study underlines how an ancient inter-domain transfer of the H4MPT methyl
branch and its cofactor biosynthesis not only triggered the emergence of key metabolic processes

in the carbon cycle but also important transitions in the history of our planet.

Methods

Homology searches

A local databank of genome sequences from 643 Archaea and 5,796 Bacteria was assembled,
representing all genomes (one per species) present at the National Center for Biotechnology
Information (NCBI) as of June 2016, and included some retroactively added Bacteria and
Archaea recently shown to possess genes of the H4MPT pathway, some genomes manually
downloaded from the Joint Genome Institute/Integrated Microbial Genomes (JGI/IMG)* and the

ggkbase®® (ggkbase.berkeley.edu/). For some genomes with only nucleotide sequences, ORFs

I*” with default parameters. A full list of taxa used to build this

were predicted by using Prodiga
databank is provided in Supplementary Data 3.

Homology searches for the components of the H4MPT branch and MF and H4;MPT biosynthesis
genes (FwdA, B, C, D, Ftr, Mch, bMtd, Mtd, Hmd, Fae, Mer, DmrX, MptG, MfnB, D, E, F,
orfY, 5, 7, 17, 19, 20) were performed as follows: from the Kyoto Encyclopedia of Genes and
Genomes (KEGG)™ orthology page of each enzyme or known homologs from the literature, up
to five sequences from both Bacteria and Archaea, preferably characterized, were aligned and
used to create preliminary hidden Markov model (HMM) profiles. These were used to perform
hidden Markov model-based searches with HMMer* against our local genome databanks of

Bacteria and Archaea separately. The first 20-30 hits in descending e-value order from each

domain were used to create a second round of domain-specific HMM profiles for each protein.
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Usually a cutoff of e-4 was applied unless there were too many hits (>>1000) or a very clear
demarcation of homologs. In this case, we set the cutoff manually based on the e-value slope and
annotations. In some cases when putative homologs (by annotation) were present above the e-4
cutoff, a separate HMM profile based on a larger sampling of sequences was created to pick
these divergent homologs. Either way, the resulting datasets were manually refined through
preliminary phylogenetic analysis to remove unrelated sequences. Very close homologs from
genomes belonging to members of the same species/genus were removed from the final datasets
to reduce computational burden. Preliminary Fwd trees were used to distinguish the clades
corresponding to characterized tungsten (Fwd), molybdenum (Fmd), and a separate divergent
clade referred here as “tertiary” Fwd homologs (containing only BD subunits, see legend to
Supplementary Figure 22). Since Fmd and tertiary Fwd exist only in Archaea, only the Fwd
homologs were retained for the FwdABC concatenation (FwdD being too restricted in bacteria to
be included). The clustering of the genes involved in the H4MPT branch in archaeal and bacterial
genomes was checked in Genespy® and supplemented using MacSyFinder®* and HMM profiles

of the related proteins.

Phylogenomic analysis

Single protein datasets were aligned with MUSCLE>? with default parameters and trimmed with
BMGE 1.1°® using the BLOSUM30 substitution matrix to select unambiguously aligned amino
acid positions. To check for phylogenetic congruence among FwdA, B, C subunits and among
the MfnB, E, F subunits, single gene trees were calculated in IQTree under the TEST option with
100 bootstrap replicates® and collapsed at nodes showing <80% bootstrap support. These trees

were tested for congruence against a strictly bifurcating tree of a blind concatenation, by
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performing an Internode Certainty (IC) test> in RaxML>®. Sequences responsible for
incongruences at order level or above (in Archaea: Methanoflorentaceae were treated as part of
Methanocellales) or phylum level (in Bacteria: o, B, y-Proteobacteria were treated as a single
phylum, and in Firmicutes the deep-branching order Halanerobiales was treated as separate from
Clostridia) were removed and the procedure was repeated until no further incongruence was
found. The resulting datasets were then concatenated. The concatenated Fwd dataset (FWdABC,
857 aa) contained no more than 6% missing taxa per protein, and the concatenated Mfn dataset
(MfnBEF, 360 aa) contained no more than 3.4% missing taxa per protein. An Archaea-only
dataset was also created including Fmd and tertiary Fwd for the four main (non-ferredoxin)
subunits (FWdABCD). A separate round of congruence testing was performed, which resulted in
a concatenated dataset (FWdABCD, 1192 aa) containing no more than 22% missing taxa per
gene. The larger number of missing taxa is due to the tertiary Fwd only containing subunits B
and D.

To determine the effect of the addition of novel lineages on the length of the branch separating
Archaea and Bacteria, we reconstructed the FwdABC phylogeny using the lineages that were
available in 1999 (Methanococcales, Methanobacteriales, Methanopyrales, Methanosarcinales,
Archaeoglobales, a, B, y-Proteobacteria), and 2004 (same as 1999 plus Planctomycetes) but with
all the genomes currently available for them. Phylogenies were calculated in IQTree as described
above with 1000 ultrafast bootrstrap replicates”.

No concatenation was possible for the other genes (Ftr, Mch, Mtd, Hmd, bMtd, Fae, Mer, DmrX,
MptG, MfnD, OrfY, 5, 7, 17, 19, 20). Although their topologies were overall similar, there were
some differences due to taxonomic distribution, a few horizontal transfers or poor signal.

Phylogenies were inferred in PhyloBayes™ under the CAT+GTR+I'4 model for the Fwd

15



concatenations and LG+I'4 for the single-gene datasets and the MfnBEF concatenation, because
of the smaller number of positions, and in IQTree under the TEST option with 100 bootstrap
replicates for all datasets. For Bayesian analyses, four independent Markov chain Monte Carlo
chains were run until convergence (with the exception of Orf7 that never got to a standard
deviation below 0.8) and checked by sampling every two cycles with a 25% burn-in. All
phylogenies are technically unrooted but for display purposes we have placed in each case an ad
hoc root according to one of the suggested roots of Archaea i.e. between Euryarchaeota and
TACK-Asgard or within Euryarchaeota'®.

For the reference phylogeny of Bacteria, a Bayesian phylogeny was built in PhyloBayes under
the CAT+GTR+I'4 model using a concatenation of RNA polymerase subunits B, B’, and IF-2
(2,337-aa positions). The tree was rooted according to*".

All datasets relative to these analyses (original alignments, trimmed datasets, and trees in

Newick format) are provided in Supplementary Data 4.

Limitata metabolic annotation

As with all genomes in our local database for which protein sequences were not available, the
nucleotide sequences of bacterium GBS-1 (txid: 1662110) were downloaded and open reading
frames were predicted with Prodigal under default settings*’. The resulting amino-acid sequences
were assigned arbitrary accession numbers. Functional annotations for all open reading frames
and metabolic processes were predicted using BlastKOALA
(family_eukaryotes+genus_prokaryotes, and species_prokaryotes databases)*, supplemented by
BLASTp® searches against the non-redundant database at NCBI. Open reading frames were also

predicted on the RAST server®! with default options, and for those the metabolic annotation was
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done on both RAST and BlastKOALA. The metabolism of the second Limitata representative
(bacterium 42_11 (txid: 1635281)) for which amino acid sequences were available, was
annotated in the same way. All outputs are included in Supplementary Data 2. Genome
completeness and contamination (respectively 100% and 0% for GBS-1, 84.1% and 0.15% for
42_11) were estimated in CheckM®. For comparison, Halanaerobium hydrogeniformans (txid:
656519), Anaerobaculum hydrogeniformans (txid: 592015), and Anaerobaculum mobile (txid:
891968) were run in BlastKOALA (family_eukaryotes+genus_prokaryotes) and the results are

also included in Supplementary Data 2.

Figure Legends:

Figure 1. Schematic of the WL pathway reactions, and their relationships with other
methylotrophy modules. In the HyMPT methyl branch, Fwd denotes both the tungsten (Fwd) or
molybdenum (Fmd) formylmethanofuran dehydrogenase complex (Fwd/FmdABCD). Ftr is the
formylmethanofuran:tetrahydromethanopterin formyltransferase. Mch is the
methenyltetrahydromethanopterin cyclohydrolase. Mtd/Hmd denote F420-dependent
methylenetetranydromethanopterin dehydrogenase and H,-forming
methylenetetranydromethanopterin dehydrogenase, respectively. bMtd refers to the bacterial
methylene tetrahydromethanopterin dehydrogenase (MtdA/B/C, which denote homologous
enzyme classes, not subunits) to avoid confusion with the non-homologous archaeal Mtd. Mer is
the methylenetetrahydromethanopterin reductase. Fhc stands for the bacterial enzyme complex

composed of FWdABC+Ftr.
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The dashed arrow in the H4F methyl branch indicates that spontaneous condensation of
formaldehyde (HCHO) with H4F can occur but is a very minor contribution to assimilatory
fluxes?®. Blue arrows denote reactions occurring in Archaea. Green arrows denote reactions
occurring in methylotrophs. The glutathione (GSH)-dependent oxidation and ribulose
monophosphate (RUMP) cycle are alternative pathways of formaldehyde assimilation found in
methylotrophs, sometimes coexisting with the HsMPT branch. Note that throughout the text,
unless specifically noted, MF and H4MPT are used as umbrella terms for all of their analogs
which are produced through the same fundamental biosynthetic pathways, including
methanofurans a-e, methylofuran, dephosphotetrahydromethanopterin, and
tetrahydrosarcinapterin. See also Supplementary Figures 9 and 10 and their legends for details on

MF and H4MPT biosynthetic pathways.

Figure 2. (a) Schematic comparison of the length of the branch (average number of substitutions
per site) separating Archaea and Bacteria in the phylogeny based on a concatenation of the three
Fwd subunits common to Bacteria and Archaea (FwWdABC) according to the taxonomic
sampling available in 1999, 2004, and this study; (b) Bayesian phylogeny based on FwdABC
(337 sequences and 859 aa). The phylogeny was inferred in PhyloBayes®® under the
CAT+GTR+I'4 model. Values at nodes are posterior probabilities. Black circles denote branches
with posterior probability of at least 0.95. Scale bar represents the average number of
substitutions per site. Some clades are collapsed, for clarity (the full tree is provided in
Supplementary Figure S8). The tree is rooted according to one of the three possible roots for the
Archaea, namely that between Euryarchaeota and TACK-Asgard, but bacteria emerge from

within the archaeal radiation under all alternative rootings (see main text). The placement of
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Persephonearchaea, Theionarchaea and Altiarchaeales with respect to the root has not been yet
specifically tested®®. For simplicity, the molybdenum-containing homolog (Fmd, or secondary)
as well as additional divergent Fwd homologs (here referred to as “tertiary”) present in Archaea
(Supplementary Data 1) were analyzed separately and are presented in Supplementary Figure 22.
W1-2 and W3-4 refer to the primary and secondary tungsten-containing Fwd clusters of
Methanomicrobiales based on range of distribution (Supplementary Data 1); (c) Co-localization
of HMPT branch and cofactor biosynthesis genes. Gene order is mostly conserved (FwdDBA-
Ftr-FwdC-Mch) between the uncultured archaeal and bacterial lineages close to the putative
transfer event. The gene-to-biosynthetic reaction correspondence is noted with reaction numbers
(H1 to H15 and M1 to M7/M7’) and given in the table on the right for brevity. These reactions
are presented in detail in Supplementary Figure 9 & 10. “O” is abbreviation for “ORF”. Slashes
indicate a contig edge. Figure was produced in GeneSpy*® by comparing a region of 10 kbp

centered around FwdA (or Mch when two sub-clusters existed in separate contigs).

Figure 3. Scenario for the origin and evolution of the H,MPT methyl branch in Bacteria.
Colored circles denote the major events during the assembly of methylotrophy in Bacteria, as
discussed in the main text. For simplicity the MF and H4MPT cofactor biosynthesis pathways
are not shown, but they follow the same evolutionary history as the HAMPT branch (transferred
at the red circle). Black circle: Initial configuration of the WL pathway in the LACA with a
carbonyl and an HsMPT branch. Red circle: the H4MPT methyl branch is transferred from
Archaea to Bacteria (FWdABCD, Ftr, Mch, and possibly bMtd). Fermentation products can enter
the pathway through serine hydroxymethyltransferase and the Glycine Cleavage System. Green

circle: Fae appears in Bacteria (possibly also transferred from Archaea). Methylated compounds
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can now enter the pathway through formaldehyde. Orange circle: FwdD is lost. FwWdABC
become associated with Ftr (Fhc complex), forcing the reaction into the H4F branch.

HCHO, formaldehyde; HCOOH, formate; CH3-, methyl-; CH,-, methylene-.

Figure 4. Metabolic prediction of Limitata with main biochemical reactions. The reconstruction
is derived from bacterium GBS-1 (Supplementary Data 2). The metabolism of bacterium 42_11
is almost identical, but was not used here, as the genome is incomplete. Apart from the GCS (see
text for discussion), the H4MPT methyl branch can be also entered through other reactions (not
shown), for instance at methylene-H4sMPT/H4F through thymidylate synthase (ThyX) when
converting dTMP to dUMP (in pyrimidine metabolism), through dehydropantoate
hydroxymethyltransferase from 2—dehydropantoate (in pantothenate and CoA biosynthesis), or
by diverting methionine into homocysteine and methyl-H;MPT/HF (homocysteine
methyltransferase) which is oxidized to methylene-Hs;MPT/H,F (methylene-H4F reductase, not
present in Limitata but in Halanaerobium). However, all these alternatives require intermediates
of biosynthetic pathways, making it unlikely that they are consistently used as H4MPT branch

input beyond some contribution during nucleotide or amino acid catabolism.
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