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The physiology and habitat of the last universal
common ancestor

Madeline C. Weiss, Filipa L. Sousa®, Natalia Mrnjavac, Sinje Neukirchen, Mayo Roettger,
Shijulal Nelson-Sathi and William F. Martin*

The concept of a last universal common ancestor of all cells (LUCA, or the progenote) is central to the study of early
evolution and life's origin, yet information about how and where LUCA lived is lacking. We investigated all clusters and
phylogenetic trees for 6.1 million protein coding genes from sequenced prokaryotic genomes in order to reconstruct the
microbial ecology of LUCA. Among 286,514 protein clusters, we identified 355 protein families (~0.1%) that trace to
LUCA by phylogenetic criteria. Because these proteins are not universally distributed, they can shed light on LUCA's
physiology. Their functions, properties and prosthetic groups depict LUCA as anaerobic, CO,-fixing, H,-dependent with a
Wood-Ljungdahl pathway, N,-fixing and thermophilic. LUCA's biochemistry was replete with FeS clusters and radical
reaction mechanisms. Its cofactors reveal dependence upon transition metals, flavins, S-adenosyl methionine, coenzyme A,
ferredoxin, molybdopterin, corrins and selenium. Its genetic code required nucleoside modifications and S-adenosyl
methionine-dependent methylations. The 355 phylogenies identify clostridia and methanogens, whose modern lifestyles
resemble that of LUCA, as basal among their respective domains. LUCA inhabited a geochemically active environment rich
in H,, CO,, and iron. The data support the theory of an autotrophic origin of life involving the Wood-Ljungdahl pathway in

a hydrothermal setting.

evolutionary intermediate! that links the abiotic phase of

Earth’s history with the first traces of microbial life in rocks
that are 3.8-3.5 billion years of age?. Although LUCA was long con-
sidered the common ancestor of bacteria, archaea and eukaryotes®*,
newer two-domain trees of life have eukaryotes arising from
prokaryotes™®, making LUCA the common ancestor of bacteria
and archaea. Previous genomic investigations of LUCA’s gene
content have focused on genes that are universally present across
genomes*”®, revealing that LUCA had 30-100 proteins for ribo-
somes and translation. In principle, genes present in one archaeon
and one bacterium might trace to LUCA, although their phylo-
genetic distribution could also be the result of post-LUCA gene
origin and interdomain lateral gene transfer (LGT)8, given that
thousands of such gene transfers between prokaryotic domains
have been detected®.

To identify genes that can illuminate the biology of LUCA, we
took a phylogenetic approach. Among proteins encoded in
sequenced prokaryotic genomes, we sought those that fulfil two
simple criteria: (1) the protein should be present in at least two
higher taxa of bacteria and archaea, respectively, and (2) its tree
should recover bacterial and archaeal monophyly (Fig. 1). Genes
meeting both criteria are unlikely to have undergone transdomain
LGT, and thus were probably present in LUCA and inherited
within domains since the time of LUCA. By focusing on phylogeny
rather than universal gene presence, we can identify genes involved
in LUCA’s physiology—the ways that cells access carbon, energy
and nutrients from the environment for growth.

| he last universal common ancestor (LUCA) is an inferred

Results

Tracing proteins to LUCA by removing transdomain LGTs. Using
the standard Markov cluster algorithm (MCL) at a 25% global
identity threshold, we sorted all 6,103,411 protein coding genes in

1,847 bacterial and 134 archaeal genomes into 286,514 protein
families, or clusters (see Methods), 11,093 of which contained
homologues from bacteria and archaea. After alignment and
maximum likelihood (ML) tree construction, only 355 clusters
preserve domain monophyly while also having homologues in >2
archaeal lineages and >2 bacterial lineages (see Methods).
Encouragingly, 83% (294/355) of LUCA’s genes have some
functional annotation (Supplementary Tables 1 and 2), with only
a minority belonging to translation.

These 355 proteins were probably present in LUCA and thus
provide a glimpse of LUCA’s genome. Their distribution across
prokaryotic higher taxa is presented in Fig. 2 and Supplementary
Fig. 1. Clearly, the list of these 355 genes comes with caveats, such
as lineage sampling, sequence conservation and the possibility
that multiple LGTs might mimic intradomain vertical inheritance.
However, there are also quality benchmarks against which to
check the list. For example, LUCA’s genes encode 19 proteins
involved in ribosome biogenesis and eight aminoacyl tRNA synthe-
tases, which are also essential for the genetic code to work
(Supplementary Table 2). Thus, our phylogenetic criteria do not
miss the informational core, which itself can be affected by LGTs,
such that only subsets of even universally present genes will also
meet the domain monophyly criterion. As another benchmark,
our phylogenetic criteria return a highly non-random sample of
genes. The distribution of functional categories represented
among the 355 genes tracing to LUCA is significantly different
(P<<1x107"%) from that represented in the 11,093 cluster sample
(Supplementary Table 3; see Methods), with oxygen sensitive
enzymes (Supplementary Table 2) and FeS proteins (Supplementary
Table 1) overrepresented in LUCA’s list.

LUCA’s microbial ecology reconstructed from genomes.
Reconstructed from genomic data, LUCA emerges as an anaerobic
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Figure 1| Phylogeny for LUCA's genes. In the two-domain tree of life>®,
eukaryotes stem from prokaryotes, so the last universal common ancestor,
LUCA, is the ancestor of archaea and bacteria. The tree shows a schematic
phylogeny of phyla for a gene present in two archaeal and two bacterial
phyla and in which both prokaryotic domains are monophyletic. By applying
the criteria—(1) the gene should be present in at least two members each of
two bacterial phyla and two archaeal phyla (see Methods) and (2) the
protein tree should recover monophyly of bacteria and archaea—355
clusters were identified that trace to LUCA.

autotroph'® that used a Wood-Ljungdahl (WL) pathway'! and
existed in a hydrothermal setting'>!?, but that was only half-alive
and was dependent upon geochemistry, as summarized in Fig. 3.
LUCA’s genes harbour traces of carbon, energy and nitrogen
metabolism. Cells conserve energy via chemiosmotic coupling'*
with rotor-stator-type ATP synthases or via substrate-level
phosphorylation (SLP)!>. LUCA’s genes encompass components
of two enzymes of energy metabolism: phosphotransacetylase
(PTA) and an ATP synthase subunit (Supplementary Table 2).
PTA generates acetylphosphate from acetyl-CoA, conserving the
energy in the thioester bond as the energy-rich anhydride bond of
acetylphosphate, which can phosphorylate ADP or other
substrates'>. The PTA reaction plays a central role in autotrophic
theories of microbial origins that focus on thioester-dependent
SLP as the ancestral state of microbial energy metabolism!®!”. The
presence of a rotor-stator ATP synthase subunit points to LUCA’s
ability to harness ion gradients for energy metabolism'’, yet the
rotor-stator ATP synthase has undergone transdomain LGT'$,
excluding many of its subunits from LUCA’s set. Crucially,
components of electron-transfer-dependent ion-pumping are
altogether lacking among LUCA’s genes. LUCA’s ATPase was
possibly able to harness geochemically derived ion gradients!” via
H*/Na" antiporters'®, which are present among the membrane
proteins in the list (Supplementary Table 2). The presence of
reverse gyrase, an enzyme specific for hyperthermophiles®,
indicates a thermophilic lifestyle for LUCA.

Enzymes of chemoorganoheterotrophy are lacking, but enzymes
for chemolithoautotrophy are present. Among the six known path-
ways of CO, fixation!!, only enzymes of the WL pathway are present
in LUCA (Supplementary Table 4). LUCA’s WL enzymes are replete
with FeS and FeNiS centres?!, indicating transition-metal requirements
and also requiring organic cofactors: flavin, F,,,, methanofuran, two
pterins (the molybdenum cofactor MoCo and tetrahydromethanop-
terin) and corrins (Supplementary Table 4 and Supplementary
Fig. 2). Microbes that use the WL pathway obtain their electrons
from hydrogen'!, hydrogenases also being present among LUCA’s
genes. LUCA accessed nitrogen via nitrogenase and via glutamine
synthetase. The WL pathway, nitrogenase and hydrogenases are
also very oxygen-sensitive. LUCA was an anaerobic autotroph that
could live from the gases H,, CO, and N,

2

Several cofactor biosynthesis pathways trace to LUCA, including
those for pterins, MoCo, cobalamin, siroheme, thiamine pyropho-
sphate, coenzyme M and F,,, (Supplementary Table 5). Many of
these enzymes are S-adenosyl methionine (SAM)-dependent. A
number of LUCA’s SAM-dependent enzymes are radical SAM
enzymes (Supplementary Table 1), an ancient class of oxygen-
sensitive proteins harbouring FeS centres that initiate radical-dependent
methylations and a wide spectrum of radical reaction mechanisms?2.
Radical SAM reactions point to a prevalence of one-electron
reactions in LUCA’s central metabolism, as does an abundance of
flavoproteins (Supplementary Table 1), in addition to a prominent
role for methyl groups.

FeS clusters, long viewed as relics of ancient metabolism are
the second most common cofactor/prosthetic group in LUCA’s pro-
teins behind ATP (Supplementary Table 1). The abundance of tran-
sition metals and FeS as well as FeNiS clusters in LUCA’s enzymes
indicates that it inhabited an environment rich in these metals.
These features of LUCA’s environment, in addition to thermophily
and H,, clearly point to a hydrothermal setting'>!>!7. Selenoproteins,
required in glutathione and thioredoxin synthesis and for some of
LUCA’s RNA modifications, are present, as is selenophosphate
synthase (Supplementary Table 2). Like FeS centres, selenium in
amino acids and nucleosides is thought to be an ancient trait®.
Sulfur was involved in ancient metabolism®® and LUCA was capable
of S utilization, as indicated by siroheme, which is specific to redox
reactions involving environmental S. Enzymes for sugar metabolism
mainly encompass glycosylases, hydrolases and nonoxidative sugar
metabolism, possibly reflecting primitive cell wall synthesis.

23,24
>

LUCA'’s genes point to acetogenic and methanogenic roots. The
355 trees also harbour phylogenetic information about LUCA’s
descendants, because archaea and bacteria are reciprocally rooted.
Clostridia were the most frequently basal-branching bacteria,
while methanogens were the most frequently basal-branching
archaea (Supplementary Table 6). Clostridia and methanogens
use the WL pathway'!; they are abundant among microbial
communities that inhabit the Earth’s crust today?”?%, they harbour
species that can live from methyl groups®*”?% and—like LUCA
(Fig. 3)—they depend on H,,.

Today, environmental H, has two main sources: geological
processes and H,-producing fermentations. When LUCA existed,
biological H, production did not exist, because primordial organics
delivered from space are non-fermentable substrates?®. For LUCA,
that leaves only geological sources of H,. The main geological
source of H,, both today and on the early Earth, is serpentinization,
a process in which Fe** in the crust reduces water circulating
through hydrothermal systems to produce H, at high activities in
hydrothermal effluent®® of up to 26 mmol kg™". Yet, as well as H,,
methane®!*? and other reduced C1 compounds®*** are synthesized
abiotically in hydrothermal systems today.

Hydrothermal vents, methyl groups, and nucleoside modifications.
LUCA’s genes for RNA nucleoside modification (Supplementary
Table 4) indicate that it performed chemical modification of
nucleosides in both tRNA and rRNA*. Four of LUCA’s
nucleoside modifications are methylations requiring SAM
(Supplementary Table 4). In the modern code, several base
modifications are even strictly required for codon-anticodon
interactions at the wobble position* (Supplementary Fig. 3).
Consistent with the recurrent role of methyl groups in LUCA’s
biology, by far the most common tRNA and rRNA nucleoside
modifications that are conserved across the archaeal bacterial
divide®® are methylations (Fig. 4a), although thiomethylations and
incorporation of sulfur and selenium are observed.

That LUCA’s genetic code involved modified bases in tRNA-
mRNA-rRNA interactions attributes antiquity and functional
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Figure 2 | Taxonomic distribution of LUCA's genes grouped by functional categories. The 355 clusters that fulfil the two criteria in Fig. 1 are grouped into
21 different functional categories (top). For each protein family (columns), ticks indicate the presence (black or grey) or absence (white) of the gene in the
corresponding group shown on the left (rows). Within each functional category, clusters were sorted by the total sum of genes present (x axis). The
distribution of the functional categories represented in the 355 LUCA gene families is significantly different from that represented in the data set as a whole

(Supplementary Table 3).

significance to methylated bases in the evolution of the ribosome
and the genetic code. It also forges links between the genetic code
(Fig. 4a), primitive carbon and energy metabolism (Fig. 4b,c) and
hydrothermal environments. How so? At modern hydrothermal
vents, reduced Cl intermediates are formed during the abiotic
synthesis of methane®**®. The intermediates can accumulate in
some modern hydrothermal systems® and the underlying reactions
can be simulated in the laboratory®’~*. These reactions occur
because under the reducing conditions of hydrothermal vents, the
equilibrium in the reaction of H, with CO, lies on the side of
reduced carbon compounds?®*!. That is the reason why methano-
gens and clostridial acetogens, both of which figure prominently
in autotrophic theories for life’s origin'”!?, can grow by harnessing
energy from the exergonic reactions of hydrogenotrophic methane
and acetate synthesis'*!>. The genes in LUCA’s list (Supplementary
Table 2) and the basal lineages among the 355 reciprocally rooted
trees (Supplementary Table 6) indicate that LUCA lived in an environ-
ment where the geochemical synthesis of methane from H, and CO,
was taking place, hence where chemically accessible reduced C1
intermediates existed.

Where LUCA arose, the genetic code arose. Either the chemical
modifications of RNA nucleosides were absent in LUCA and were
introduced later in evolution by some kind of adaptation, as some

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

have suggested®, or they are ancient*’. Conservation of nucleoside
modifications across the archaeal bacterial divide (Fig. 4a) indicate
the latter. The enzymes that introduce nucleoside methylations
are typically SAM enzymes, including members of the radical
SAM family, which harbour an FeS cluster that initiates a radical
in the reaction mechanism?* and which are currently thought to
be among the most ancient enzymes in metabolism?’. Both the
presence in LUCA’s genome (Supplementary Table 4) of several
SAM enzymes involved in nucleoside modifications and the
presence of the nucleosides themselves (Fig. 4a), sometimes even
at conserved positions in tRNA (Supplementary Fig. 3), indicate
that these nucleoside methylations were present in LUCA’s code,
reflecting the code’s ancestral state.

In methanogens and acetogenic clostridia, which the trees ident-
ified as the closest relatives of LUCA (Supplementary Table 6),
methyl groups are central to growth, comprising the very core of
carbon and energy metabolism. As shown in Fig. 4b, the methyl
group generated by the WL pathway in the energy metabolism
of methanogens is transferred from a nitrogen atom in tetrahydro-
methanopterin to a Co(1) atom in a corrin cofactor of the methyl-
transferase (MtrA-H) complex, possibly bound by MtrE*, then
subsequently transferred to the thiol sulfur atom of coenzyme M
before being transferred to hydride at the methyl-CoM reductase

3

© 2016 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nmicrobiol.2016.116
http://www.nature.com/naturemicrobiology

ARTICLES

NATURE MICROBIOLOGY 0bol: 10.1038/NMICROBIOL.2016.116

H*

H*

T
i

Genetic code

Wl
TR

ADP +P,

oo
N

H*
H*

]
lll

/

/
/

Carbon
Hydrothermal fluid
Modified bases O/ P; o/
i co1 —2 S o b sr CH,-C-OPO, 2
Biosyntheses \N g R 3
T 7\ W HS-R HS-R
AN Radical SAM
A/ ADP +P; —,? _/? Ferredoxin
GS :
Glutamate Flavoproteins
CH,-R
\ ATP NAD(P)H
NH,* Corrins o F?
: MoCo O Ni
Nif q 9 Selenium ? ?:AO
N, H, co, H,S 'g;r; s

Geochemistry

Figure 3 | LUCA reconstructed from genome data. Summary of the main interactions of LUCA with its environment, a vent-like geochemical setting'213171°,
as inferred from genome data (Supplementary Table 2). Abbreviations: CODH/ACS, carbon monoxide dehydrogenase/acetyl CoA-synthase; Nif, nitrogenase;
GS, glutamine synthetase; Mrp, MrP type Na*/H" antiporter; CH5-R, methyl groups; HS-R, organic thiols. The components listed on the lower right are
present in LUCA, in addition to the cofactors listed in Supplementary Table 1. In modern CODH/ACS complexes, CO is generated from CO, and reduced
ferredoxin?'. The figure does not make a statement regarding the source of CO in primordial metabolism (uncatalysed via the gas water shift reaction or
catalysed via transition metals), symbolized by [CO]. A Na*/H" antiporter could transduce a geochemical pH gradient (indicated on the left) inherent in
alkaline hydrothermal vents™" into a more stable Na* gradient to feed a primordial Na-dependent ATP synthase'®. LUCA undisputably possessed genes,
because it had a genetic code; the question of which genes it possessed has hitherto been more difficult to address. The transition metal catalysts at the
nitrogenase active site and the CODH/ACS active site as well as a 4Fe-4S cluster as in ferredoxin are indicated.

reaction. Energy conservation via Na* pumping occurs during the
N-to-Co(1)-to-S transfer sequences of the MtrA-H complex!+%,
This is an unusual coupling reaction in that electrons are not trans-
ferred; a methyl group is instead transferred, from a N atom to a
S atom!**4, As shown in Fig. 4c, the methyl transfer chain of aceto-
gens is a bit longer. It starts with a nitrogen-bound methyl moiety in
tetrahydrofolate, which is transferred by AscE to a Co(1) atom in a
corrin cofactor of the corrinoid FeS protein®® and onto a Ni atom
in the FeNiS cluster of acetyl-CoA synthase in an unusual metal-to-
metal methyl transferase reaction®®. Carbonyl insertion?! generates a
Ni-bound acetyl group that is removed via thiolysis to generate the
thioester, which can either be used for carbon assimilation or for
energy conservation as acyl phosphate and ATP!'!%, In methanogens,
carbon metabolism follows the same path to the thioester'!:'%,
These methyl transfer reactions suggest that the environment
where primordial carbon and energy metabolism arose was rich
in methyl groups, S and transition metals. The conserved SAM-
dependent methylations and S substitutions in modified nucleosides
that allow tRNA anticodons to decode mRNA into protein carry the
same chemical imprint (Fig. 4a and Supplementary Fig. 3), uncovering
a hitherto underappreciated antiquity and significance of methyl
groups at the core of biological chemistry. Methyl groups provide pre-
viously unrecognized links between carbon and energy metabolism in
anaerobic autotrophs (Fig. 4b,c), tRNA-mRNA-rRNA interactions in

4

the genetic code (Fig. 4a and Supplementary Fig. 3) and spontaneous
chemistry at hydrothermal vents**-3.

Spelling out caveats and allowing for some LGT. No approach to
the study of early evolution is consummate; there are always caveats.
Using our strict phylogenetic criterion, 355 protein families that are
present in at least two higher taxa per domain and that preserve
interdomain monophyly were identified. Universally distributed
genes can be subject to transdomain LGT, yielding false negatives
and underestimates of LUCA’s gene content, while multiple LGT
events might mimic vertical inheritance for some clusters, yielding
false positives, or overestimates of LUCA’s gene content. As an
example of the latter, O,-dependent enzymes should generally be
absent from the list, because in LUCA’s day, O, did not exist in
physiologically relevant amounts’. LUCA’s list does, however,
contain five enzymes that use O, as a substrate and three that
detoxify O, (Supplementary Table 2), functions that cannot be
germane to LUCA, hence resulting from multiple transfers that
phylogenetically emulate vertical intradomain inheritance. Given
the massive influence that O, had on the origin and spread of
new genes during evolution®®, finding O,-dependent reactions at a
frequency of 2.3% (8/355 proteins) suggests that the list of
355 genes harbours comparatively few multiple transfer cases. At
the same time, ecological specialization to oxic niches will induce
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Figure 4 | Methyl groups in conserved modified nucleosides and in anaerobic autotroph metabolism. a, Structures of modified nucleosides found in tRNA
and rRNA of archaea and bacteria®®. Sulfur and selenium are highlighted in yellow and orange, respectively, while methy!l groups are indicated in red. Many
of these methylations are performed by SAM-dependent enzymes, which are mainly involved in nucleoside modifications and cofactor biosyntheses
(Supplementary Table 7), suggesting a very central role of SAM in early metabolism and at the origin of tRNA-mRNA-rRNA interactions. b, In
hydrogenotrophic methanogens, energy conservation occurs via Na* pumping during the N-to-Co(1)-to-S methyl transfer at the MtrA-H methyltransferase
complex™44, while carbon assimilation® involves methy! transfer from H,MPT to the corrinoid iron-sulfur protein (CoFeS)*> and CODH/ACS?, which
reduces CO, to CO and catalyses the synthesis of acetyl-CoA. ¢, In hydrogenotrophic acetogens™, the methyl group is transferred to CoFeS and
CODH/ACS, where carbonyl insertion?' and thiolysis to generate acetyl-CoA for carbon assimilation or for energy conservation™ occur. Abbreviations:

m'A, 1-methyladenosine; m?A, 2-methyladenosine; m®A, N®-methyladenosine; t°A, N(’-threonylcarbamoyladenosine; ms2t®A, 2-methylthio-N°-
threonylcarbamoyladenosine m°C, 5-methylcytidine; Cm, 2/-O-methylcytidine; ac*C, N*-acetylcytidine; m'G, 1-methylguanosine; m?G, N*-methylguanosine;
m’G, 7-methylguanosine; Gm, 2’-O-methylguanosine; sz N? N2-dimethylguanosine; y, pseudouridine; D, dihydrouridine; m U, ribosylthymine;

Um, 2'-O-methyluridine; s2U, 2-thiouridine; s*U, 4-thiouridine; m>sU, 5- -methyl-2-thiouridine; acp3U, 3-(3-amino-3-carboxyproyluridine;

mnm°s2U, 5-methylaminomethyl-2-thiouridine; mnm°se?U, 5-methylaminomethyl-2-selenouridine; s°C, 2-thiocytidine; hn®A, N°-
hydroxynorvalylcarbamoyladenosine; mshn®A, 2-methylthio-N6-hydroxynorvalyl carbamoyladenosine; m>U, 3-methyluridine; mgA, NG,Né—dimethyladenosine;
H,MPT, tetrahydromethanopterin; CoM, coenzyme M; CoFeS, corrinoid iron-sulfur protein; CODH/ACS, carbon monoxide dehydrogenase/acetyl-CoA
synthase; H,F, tetrahydrofolate; MtrE, a component of the MtrA-H methytransferase complex*4.
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massive loss of anaerobe-specific genes in many lineages, leading to
an underestimation of LUCA’s gene content.

In addition, LUCA’s gene list reveals only nine nucleotide
biosynthesis and five amino acid biosynthesis proteins
(Supplementary Table 2). The paucity of enzymes for essential
amino acid, nucleoside and cofactor biosyntheses is most easily
attributed to three factors: (1) the missing genes in question have
been subject to interdomain LGT; (2) the genes are not well con-
served at the sequence level, such that the bacterial and archaeal
homologues do not fall into the same cluster; (3) LUCA had not
yet evolved the genes in question prior to the bacterial-archaeal
split, the pathway products for LUCA being provided by primordial
geochemistry instead.

Low sequence conservation for proteins that were present in
LUCA can also yield underestimates of LUCA’s gene content.
Because our criteria for presence in LUCA (domain monophyly)
involve trees, the sequences need to be sufficiently well conserved
to permit multiple sequence alignments and ML phylogenies, so a
clustering threshold of 25% global identity was used. Yet genes
that were present in LUCA that were not subject to transdomain
LGT, but are not well conserved, can still fall into separate
domain specific clusters. Relative to archaea, bacteria are overrepre-
sented in the 355 families by a ratio of 134:1,847 in terms of genome
sequences, for example in the far right of Supplementary Fig. 1.
Despite our phylogenetic criteria, some LGTs might be among
them. Enzymes for lipid metabolism in LUCA are scarce. The pres-
ence of a few enzymes involved in acyl-CoA metabolism might
reflect multiple LGTs, as several archaea have acquired bacterial
genes for fatty acid and aliphatic degradations?.

Finally, one might ask what happens if we allow for a little bit of
transdomain LGT? The minimum amount of transdomain LGT for
which to allow would be reflected by a tree that fulfils our criteria of
being present in two members each in two archaeal and two bacterial
phyla (see Methods), but in addition, one bacterial sequence is mis-
placed within the archaea (or vice versa). If we allow for such cases
representing one single transdomain LGT, then 124 new trees would
be included (Supplementary Table 8), expanding our list to
479 members. If we allow for the next increment of LGT, namely
that not one sequence but sequences from one archaeal phylum
are misplaced within the bacteria (or vice versa), then 97 additional
trees would be included (Supplementary Table 9), bringing the list to
576 proteins. The functional annotations in those expanded lists are
very much in line with those reflected in the list of 355 summarized
in Supplementary Tables 1 and 2.

Discussion

Our findings clearly support the views that FeS and transition metals
are relics of ancient metabolism?*%4, that life arose at hydrothermal
vents!>!13, that spontaneous chemistry in the Earth’s crust driven by
rock-water interactions at disequilibrium thermodynamically
underpinned life’s origin*"*® and that the founding lineages of the
archaea and bacteria were H,-dependent autotrophs that used
CO, as their terminal acceptor in energy metabolism!”%.
Spontaneous reactions involving C1 compounds and intermediate
methyl groups in modern submarine hydrothermal systems®->?
link observable geochemical processes with the earliest forms of
carbon and energy metabolism in bacteria and archaea. In the
same way that biochemists have long viewed FeS clusters as relics of
ancient catalysis?>**, methyl groups appear here as relics of primordial
carbon and energy metabolism.

Although the paucity in LUCA of genes for amino acid and
nucleoside biosyntheses could, in principle, be attributable to
post-LUCA LGT, we note that there is no viable alternative to the
view that LUCA, regardless of how envisaged, ultimately arose
from components that were synthesized abiotically via spontaneous,
exergonic syntheses somewhere during the history of early Earth®,

6

Prior to the origin of genes, proteins and the code, LUCA’s origin
was hence dependent on spontaneous organic syntheses, which
are thermodynamically favourable under the high H, activities of
submarine hydrothermal vents**#!, and which still occur today in
some geochemical environments®*-*%. The notion that early replicat-
ing systems tapped environmental supplies of biologically relevant
compounds provided by spontaneous (exergonic) chemical reac-
tions might seem to be a very radical proposition in the present
Article, but it is inherent, often implicitly, to all theories for the
prebiotic origin of replicating systems and life.

Genome data depict LUCA as a strictly anaerobic, H,-dependent
thermophilic, diazotrophic autotroph with a WL pathway and that
lived in a hydrothermal vent setting. These are attributes of aceto-
genic clostridia and methanogens, lineages that branch deeply in
trees of LUCA’s genes and that occupy the Earth’s crust today.
Methyl groups were central to carbon and energy metabolism in
LUCA, and they also persist to the present as chemical relicts in
tRNA-mRNA interactions at the ribosome, suggesting that LUCA
not only lived in a hydrothermal vent setting rich in H,, CO,,
transition metals, sulfur and reactive C1 species of geochemical
origin, but that LUCA’s genetic code arose there as well. The data
provide evidence in favour of autotrophic origins'! over hetero-
trophic origins®® and converge with independent geochemical
evidence®-**, favouring theories that posit a single hydrothermal
environment rich in H, and transition metals for LUCA’s
origin!1-1316171948 gyer theories that entail many different kinds
of chemical environments™ catalysing one reaction each.

Methods

Sequence clustering and gene phyletic pattern reconstruction. Protein sequences
of 1,981 complete prokaryotic genomes were downloaded from the NCBI RefSeq®!
database (version June 2012). These genomes were grouped into 13 archaeal and
23 bacterial groups corresponding to NCBI taxonomic orders, phylum or class,
respectively, as in ref. 9. Markov chain clustering®® (MCL) of sequences was
performed as previously described®, with the reciprocal best BLAST®* (v. 2.2.28) hit
(rBBH) procedure and an E-value threshold of <107'°. rBBH-pairs with global
amino acid identity not smaller than 25%, calculated with needle> from EMBOSS
6.6.0.0, were clustered using MCL. Proteins with no significant homologues were
classified as singletons and discarded from further analysis. Protein families with
archaeal and bacterial sequences were considered further.

Multiple sequence alignment and reconstruction of phylogenetic trees. Sequences
in each of the MCL clusters were aligned using MAFFT® version 7.130 with the
options -localpair, -maxiterate = 1000 and -anysymbol. The heads-or-tails
method®®>” was used to compare alignment reliability for different sets of clusters
with an inbuilt program. ML trees were reconstructed using RAXML*® v7.8.6 under
the PROTCATWAG model, with special amino acid characters U, O and J converted
into C, K and X. These trees were rerooted between archaea and bacteria and parsed
for monophyly of sets of sequences using the programs nw_reroot and nw_clade
with the -m option from Newick Utilities®® version 1.6. Single group paraphyly was
identified as those trees where a single archaeal or bacterial group was placed within
the other domain.

LUCA gene identification. Phyletic patterns for 1,981 genomes were analysed and a
gene family was only considered as present in LUCA if there were at least two
archaeal groups and two bacterial groups, each of which had a minimum of two
members, respectively, present in the given family and if archaea and bacteria were
monophyletic in the corresponding phylogenetic tree. Exceptions were made for the
four under-represented groups (‘Methanocellales’, ‘Thermoplasmatales’,
‘Archaeoglobales’ and ‘other archaea’), where the presence of only one sequence
instead of a minimum of two was counted as present.

Functional annotation and cofactor determination. The protein families were
annotated using COG®® and KEGG®! functional categories. COG identifiers (COG
IDs) of all sequences from 355 candidate LUCA clusters were extracted from the
NCBI RefSeq database (June 2012). A particular COG ID was assigned to a cluster if
it was assigned to more sequences in that cluster than any other COG ID. Each COG
ID was then mapped to the COG functional categories. If a COG ID mapped to more
than one category, the category R (general function prediction only) was assigned.
The same procedure was repeated to annotate families using the KEGG database. In
addition, for each protein family, the most frequent PFAM-A domain annotation
(version 28.0, June 2015) was obtained by using the HMM approach as available at
PFAM®, The identification of protein cofactors and catalytic centres present in the
families as well as their organization into categories was performed through case by
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case inspection of each of the 355 families. The functional categories listed in
Supplementary Tables 1, 2, 4 and 5 are designed to reflect microbial physiology (for
example, the category redox), so they do not correspond 1:1 to COG or KEGG
functional categories; however, the COG and KEGG categories for each protein are
given in Supplementary Table 2. For a test of independence (see section “Test of
independence’), COG categories were used. Cofactors occurring only in one protein
family are not shown in Supplementary Table 1. These include thiamine
pyrophosphate, pyridoxal phosphate, biotin, methyltetrahydrofolate, menaquinone,
iron and rubredoxin. Copper (two occurrences) is also not shown because it is only
present as a metal centre in oxygen-related protein families. For protein families
corresponding to subunits of a protein complex, a subunit was scored as presence of
the complex, such that cofactors of the complex were counted even if not all subunits
were present in our list. For complexes scored as present, cofactors were counted
only once. Ferredoxin, flavodoxin and methanophenazine were counted as
ferredoxin because proteins annotated as coenzyme F,,,-reducing hydrogenase can
correspond to protein families that bind either ferredoxin or methanophenazine,
while the electron carrier for NifH can be either ferredoxin or flavodoxin.
Thioredoxin was not counted as a cofactor.

Presence of selenoproteins. All amino acid sequences present in the 355 clusters
were searched for the presence of the one letter code amino acid ‘U’ that represents
selenocysteine. Selenium was considered present in a protein family when
selenocysteine was found in at least one protein sequence of the cluster.

Deeply branching archaeal and bacterial lineages. Deeply branching groups in
each domain were identified based on two different factors: (1) the smallest split that
contains both archaea and bacteria, or (2) sequences connecting both archaea and
bacteria with shortest evolutionary distance in the tree. The smallest split that
contains both archaea and bacteria was obtained by parsing the bipartitions of the
tree, and two different cases were considered: (1) in the Treep,,. method,
intradomain basal branches containing sequences from only one phylum/group
were counted; (2) in the Treey; .4 method, the intradomain basal branches
containing sequences belonging to organisms from more than one phylum/group
were counted. To identify sequences connecting archaea and bacteria at the shortest
evolutionary distance, trees were translated into a distance matrix of branch lengths
using the nw_distance program from Newick Utilities® (version 1.6). The sequence
pair with shortest distance connecting archaea and bacteria was identified from this
distance matrix (Distg,,, method).

Ribosome, tRNA and nucleoside modifications. Sequences of prokaryotic tRNA
containing modifications were downloaded from the Modomics®® and tRNAdb®*
databases (December 2014). Bacterial and archaeal tRNA modifications were
mapped into the tRNA structure and common modifications occurring at the same
tRNA position in both prokaryotic domains were identified. Supplementary Fig. 3a
was prepared using VMD® version 1.9.2. All chemical structures were drawn in
ACD/ChemSketch (2015 release, Advanced Chemistry Development;
www.acdlabs.com).

Test of independence. To determine whether functional annotations and
taxonomical groups were distributed non-randomly in the 355 candidate LUCA
clusters, a y* test of independence was performed. All 11,093 clusters that contained
homologues from both archaea and bacteria were used to calculate the expected
distribution. COG categories were separated into five groups: information,
metabolism, cellular, poorly characterized and not declared (including clusters that
were not annotated by the COG database). There were 36 taxonomical groups used
for the lineage distribution: 13 archaeal groups (Archaeoglobales, Desulfurococcales,
Halobacteria, Methanobacteriales, Methanocellales, Methanococcales,
Methanomicrobiales, Methanosarcinales, Sulfolobales, Thermococcales/
Pyrococcales, Thermoplasmatales, Thermoproteales, other archaea) and 23 bacterial
groups (Acidobacteria, Actinobacteria, Alphaproteobacteria, Aquificae, Bacilli,
Bacteroidetes, Betaproteobacteria, Chlamydiae, Chlorobi, Chloroflexi, Clostridia,
Cyanobacteria, Deinococcus-Thermus, Deltaproteobacteria, Epsilonproteobacteria,
Fusobacteria, Gammaproteobacteria, Negativicutes, Planctomycetes, Spirochaetes,
Tenericutes, Thermotogae, other bacteria). The distribution of functional
annotations and taxonomical groups of the 355 candidate LUCA clusters were
compared with those expected (degrees of freedom = 4 and degrees of freedom = 35,
respectively). P values were calculated using MATLAB R2015a and its function
chi2cdf.

Received 19 April 2016; accepted 21 June 2016;
published 25 July 2016
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