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All extant cellular organisms derive from a common ances-
tor, which can be illustrated by the universality of many
pivotal metabolic traits, including the utilization of ATP as
an energy currency and multiple mechanisms processing the
genetic information flow as demonstrated by the Central
Dogma of biology (Theobald, 2010; Hug et al., 2016).
Therefore, studying the age and metabolic traits of ancient
life forms, especially the last universal common ancestor
(LUCA), is essential to understanding the origin and evolu-
tionary history of life on Earth (Crapitto et al., 2022). Re-
cently, Moody et al. (2024) declared that LUCA lived around
4.2 billion years ago (Ga) and had a genome of at least 2.5
Mb, which was inferred based on the latest dataset and
evolutionary models to enhance accuracy. The LUCA gen-
ome was suggested to contain up to 2,600 protein-coding
genes which was comparable to an extant prokaryotic gen-
ome. Furthermore, they innovatively suggested that LUCA
likely harbors an acetogenic metabolism with CO2 and H2 as
substrates and provides niches for other members in an es-
tablished ecological system. (Moody et al., 2024).
Characterization of the age and metabolic traits of LUCA

has become a bottleneck restricting many important studies
in both life and earth sciences. Firstly, relaxed molecular
clock methods have been widely employed to date the an-
cestral nodes in phylogenetic trees, an approach that is highly
sensitive to fossil and geochemical data (Ho and Duchêne,

2014). However, Precambrian fossil and geochemical data
are very scarce and ambiguous, resulting in large errors on
dating the root node of a phylogenetic tree, which usually
represents LUCA (Moody et al., 2022). According to the age
of the Moon-forming impact and the oldest fossil record of
ancient life, the root node of the tree of life could only be
constrained with a large time horizon (4.5–3.4 Ga) and
LUCAwas also estimated to live between 4.5 Ga and 3.4 Ga
in previous studies (Sugitani et al., 2015; Betts et al., 2018).
To address these challenges, Moody et al. (2024) employed
pre-LUCA paralogs to improve the reliability of molecular
clocks. Just as modern genomes contain paralogs, certain
genes (e.g., ATPase) may have undergone gene duplication
prior to the emergence of LUCA and retained as paralogous
homologs within LUCA’s genome (Gogarten and Taiz,
1992). By utilizing these pre-LUCA duplicated genes,
LUCAwill be represented by two descendant nodes instead
of one root node in the phylogenetic tree (Figure 1a). Cross-
bracing of calibration by applying identical fossil constraints
to two mirrored nodes from two subtrees, simultaneously,
could potentially reduce the unreliability of the molecular
clock model caused by the rate heterogeneity of sequence
evolution (Gribaldo and Cammarano, 1998; Moody et al.,
2024). Moody et al. (2024) employed five pairs of pre-
LUCA paralogs to carry out multiple fossil calibrations with
both concatenated and partitioned sequence alignments. This
approach generated the most precise inference to date for the
age of LUCA (95% confidence interval [CI], 4.33–4.18 Ga).
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Moody et al. (2024) also provided new insights on LUCA’s
metabolic traits. Early studies reconstructed the genome
content of LUCA using gene distribution patterns (Kunin
and Ouzounis, 2003). Considering vertical gene descent
only, researchers reconstructed an over-simplistic “LUCA
genome” based on universally conserved genes. This
“LUCA genome” encoded ribosomal proteins and other es-
sential proteins involved in DNA replication, gene tran-
scription, and protein translation, but lacked sufficient
enzymes for a more detailed metabolic reconstruction
(Harris et al., 2003). Moody et al. (2024) inferred the evo-
lution history of each KEGG Orthology (KO) utilizing a
relatively new approach called amalgamated likelihood es-
timation (ALE). Specifically, ALE reconciled the gene trees
of all gene families and a species tree (constructed using
concatenated alignments of conserved single-copy genes) to
identify events in evolutionary history, including gene du-
plications, horizontal gene transfers, and gene losses, and to
estimate the probability of a gene family presenting in a node
in the species tree (Figure 1b).
By analyzing 700 genomes (350 Archaea and 350 Bac-

teria), Moody et al. (2024) identified 399 KOs with high
presence probabilities (PPs, ≥0.75) in LUCA. These KOs
were also found in both modern Archaea and Bacteria. With
a lower threshold (PPs≥0.75), the number of KOs that were
likely to be present in LUCAwas up to 1,124, and based on
this, Moody et al. (2024) further inferred a genome size
around 2.75 Mb (95% CI, 2.49–2.99 Mb). In contrast to the
over-simplistic LUCA genome in previous studies (Crapitto
et al., 2022), Moody et al. (2024) described a genome profile

about LUCA that was similar in genome content to modern
prokaryotes. The authors posited that LUCA most likely
inhabited ocean surfaces or deep-sea environments and was
equipped with the Wood-Ljungdahl pathway for acetogen-
esis, gluconeogenesis/glycolysis for anaerobic growth, and
even an early RNA-based immune system. Given a complex
genome and metabolic versatility, LUCAwas suggested to be
a part of the early Earth ecological system regardless of its
autotrophic or heterotrophic lifestyle.
Collectively, the methodological framework and findings

demonstrated by Moody et al. (2024) regarding the age and
metabolic traits of LUCA have provided critical insights for
studying the evolutionary history of ancient life on Earth.
Contemporary phylogenetic analyses employing gene tree-
species tree reconciliation have enabled the inference of
ancestral metabolic traits of multiple lineages, including the
total bacteria, the closely clustered thermophilic bacteria
(CCTB) clade, and archaeal lineages such as Nitroso-
sphaeria, Bathyarchaeia, Heimdallarchaeia, and Marine
group II (MGII) archaea (Coleman et al., 2021; Qi et al.,
2021; Eme et al., 2023; Leng et al., 2023; Fan et al., 2024;
Luo et al., 2024). In combination with molecular dating of
ancestral nodes, scientists are progressively establishing a
comprehensive framework for understanding the relation-
ship between biospheric evolution and planetary-scale geo-
chemical processes (Hou et al., 2023).
However, several challenges remain in contemporary stu-

dies, including the limited number of pre-LUCA paralogs
and uncertainties regarding their genetic stability (Zhax-
ybayeva et al., 2005). In other words, whether these paralogs
are all of stable vertical descent (i.e., orthologs) after LUCA
requires further investigation. Moreover, gene families with
comprehensive functional descriptions (i.e., assigned with
KO numbers) constitute only a subset (approximately 55%
on average) of all coding genes in modern bacterial and ar-
chaeal genomes, with notable lineage-specific variations in
annotation proportion (Figure 2). This leads to a major
knowledge gap in our understanding of microbial metabolic
capabilities and diversity, which also imposes constraints on
the estimation of ancestral metabolic traits (Koppel et al.,
2018; Crapitto et al., 2022). For example, while Moody et al.
(2024) reconstructed a LUCA genome encoding over 2,600
proteins, only 1,124 (with PPs≥0.5) of them were of known
biological functions and merely 399 (with PPs≥0.75) of them
were used to reconstruct the metabolic pathways.
The investigation of microbial genomic “dark matter” and

the ancestral genome reconstruction from more prokaryotic
lineages (particularly those where major evolutionary events
have occurred) may progressively help to reconstruct a more
authentic LUCA. Beyond the cross-bracing approach em-
ployed by Moody et al. (2024), recent studies have estab-
lished phylogenetic trees incorporating bacteria,
mitochondria, and plastids, thus allowing the molecular

Figure 1 Schematic diagram of timetree inference with cross-bracing and
gene tree-species tree reconciliation. (a) For simplicity, we assume 3 spe-
cies A, B, and C. Phylogenetic reconstruction of a gene that has duplicated
before the common ancestor (CA) will generate a tree containing two
mirrored subtrees, where two mirrored nodes (n2) instead of the root re-
present CA. The same fossil calibration can be applied to two mirrored
nodes (n1, for example) simultaneously (Moody et al., 2024). (b) Assuming
that a1, a2, b and c are homologous genes. While b and c are from species B
and C, respectively, both a1 and a2 are from species A (i.e., a1 and a2 are
paralogs). Reconciliation of the species tree and gene tree will suggest a
gene duplication event in the branch ahead of A (Szöllősi et al., 2013).
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dating of prokaryotic nodes by leveraging abundant eu-
karyotic fossil records (Liao et al., 2024). These efforts po-
tentially improved the reliability of the molecular clock.
Notably, encouraging progress regarding the coupling be-
tween the evolution of metabolic traits (including ammonia
oxidation, anaerobic methane oxidation, and carboxylate
oxidation) and major geological events has also been made
through molecular clock applications (Ren et al., 2019; Yang
et al., 2021; Wang et al., 2022; Shang, 2023). Overall, with
the rapid advancement of big-data analytics and artificial
intelligence, interdisciplinary collaboration among scientists
is expected to yield novel and more accurate standardized
methodologies. These efforts will facilitate better explora-
tions of both the temporal origins and metabolic character-
istics of prokaryotic ancestors and the co-evolutionary
mechanisms between life and geochemical processes during
major geological events.
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