
RESEARCH ARTICLE SUMMARY
◥

EVOLUTION

A geological timescale for bacterial evolution and
oxygen adaptation
Adrián A. Davín*, Ben J. Woodcroft*, Rochelle M. Soo, Benoit Morel, Ranjani Murali,
Dominik Schrempf , James W. Clark, Sandra Álvarez-Carretero, Bastien Boussau, Edmund R. R. Moody,
Lénárd L. Szánthó, Etienne Richy, Davide Pisani, James Hemp, Woodward W. Fischer,
Philip C. J. Donoghue, Anja Spang, Philip Hugenholtz*, Tom A. Williams*†, Gergely J. Szöllősi*†

INTRODUCTION: Microbial life dominates the
biosphere, but a timescale of early microbial
evolution has proven elusive as a result of an
inadequate fossil record. The lack of maximum
age calibrations—the earliest point in time at
which a given group might have emerged—is
particularly problematic. However, the geo-
chemical record bears the imprint ofmicrobial
metabolism through time, providing a comple-
mentary source of information. A pivotal event
in this history was the Great Oxidation Event
(GOE) ~2.43 to 2.33 billion years ago (Ga), which
marked a substantial increase in atmospheric

oxygen. This transition, driven by the evolu-
tion of cyanobacterial oxygenic photosyn-
thesis and carbon burial, transformed the
biosphere from predominantly anoxic to oxic,
causing widespread adaptation to oxygen. In
this study, we used the temporal link between
atmospheric oxygenation and the evolutionary
spread of aerobic metabolism to calibrate the
phylogeny of the bacterial domain.

RATIONALE: To date the bacterial tree, we in-
troduced multiple new maximum age calibra-
tions by linking the GOE to the age of aerobic

lineages. We used a Bayesian approach that
assumes that aerobic nodes are unlikely to
be older than the GOE but can predate it given
sufficient evidence from fossils or sequence
divergence. To implement this approach, we
integrated phylogenetic reconciliation with
machine learning to map transitions from
anaerobic to aerobic lifestyles onto the bac-
terial tree. By aggregating signals across the
genome, we could robustly infer aerobic and
anaerobic phenotypes from incomplete ances-
tral gene repertoires.

RESULTS: We identified 84 anaerobic to aero-
bic transitions on a species tree of 1007 bac-
teria. Most transitions occurred after the GOE
and were driven by horizontal acquisition of
respiratory and oxygen tolerance genes. How-
ever, despite theGOE calibration, at least three
transitions predated this event, suggesting that
aerobic respiration evolved before widespread
atmospheric oxygenation and may have facili-
tated the evolution of oxygenic photosynthesis
in cyanobacteria. Our molecular clock analyses
estimated that the last bacterial common an-
cestor lived in the Hadean or earliest Archaean
era (4.4 to 3.9 Ga), whereas bacterial phyla
originated in the Archaean and Proterozoic
eras (2.5 to 1.8 Ga); most bacterial families are
as old as land plants and animal phyla, dating
back to the late Proterozoic (0.6 to 0.75 Ga).

CONCLUSION: We infer that the earliest aero-
bic bacteria emerged in the Archaean, predat-
ing the GOE by 900 million years. After the
GOE, aerobic lineages experienced faster diver-
sification than their anaerobic counterparts,
highlighting the impact of atmospheric oxy-
genation on bacterial evolution. The approach
developed here provides a framework for
linkingmicrobial traits to Earth’s geochemical
history, offering a pathway for exploring the
evolution of other phenotypes in the context of
Earth’s history.▪
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An integrated approach to date bacterial evolution and reconstruct the history of oxygen adaptation.
We inferred a bacterial timetree by integrating genomic, fossil, and geochemical data and linking oxygen
tolerance and aerobic metabolism to the GOE. Colors denote anaerobic (blue) and aerobic (red) states,
whereas shades of purple show the fraction of aerobic lineages within extant bacterial phyla. Mitochondria
and plastids were included to leverage the more extensive eukaryotic fossils. Land plants and animals are
indicated for temporal comparison.
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oxygen adaptation
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Dominik Schrempf2,8, James W. Clark9,10, Sandra Álvarez-Carretero9, Bastien Boussau11,
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Woodward W. Fischer7, Philip C. J. Donoghue9, Anja Spang16,17, Philip Hugenholtz1*,
Tom A. Williams12*†, Gergely J. Szöllősi2,8,13,14*†

Microbial life has dominated Earth’s history but left a sparse fossil record, greatly hindering our
understanding of evolution in deep time. However, bacterial metabolism has left signatures in the
geochemical record, most conspicuously the Great Oxidation Event (GOE). We combine machine learning
and phylogenetic reconciliation to infer ancestral bacterial transitions to aerobic lifestyles, linking them
to the GOE to calibrate the bacterial time tree. Extant bacterial phyla trace their diversity to the
Archaean and Proterozoic, and bacterial families prior to the Phanerozoic. We infer that most bacterial
phyla were ancestrally anaerobic and adopted aerobic lifestyles after the GOE. However, in the
cyanobacterial ancestor, aerobic metabolism likely predated the GOE, which may have facilitated the
evolution of oxygenic photosynthesis.

E
stablishing evolutionary timescales re-
quires relaxed molecular clocks (1, 2) in
which rates of molecular evolution (the
“ticking” of the clock) can be calibrated
for each lineage using fossils of known

ages that are assigned to the internal nodes
of an evolutionary tree (3, 4). The difficulty in
estimating a dated tree (time tree) for Bacteria
is a result of the dearth of fossil evidence for
constraining the ages of clades, withmaximum

age calibrations being a particular problem.
The only credible maximum for the great ma-
jority of lineages is the Moon-forming impact
(MFI) 4.52 billion years ago (Ga) (5, 6), which
would have effectively sterilized the planet
(7, 8).
Given the paucity of fossil calibrations, traces

of biological activity preserved in the sedimen-
tary geochemical record provide an alternative
source of information on the age of key line-
ages and metabolisms (9, 10). Arguably the
most notable event recorded in the geochem-
ical record is the Great Oxidation Event (GOE),
whenoxygen began to accumulate in Earth’s
atmosphere ~2.43 to 2.33 Ga (11–13). The GOE
was ultimatelymade possible by the emergence
of a new prokaryotic metabolism, oxygenic
photosynthesis, which geochemical evidence
shows had likely evolved by ~3.22 Ga and has
been attributed to Cyanobacteria (14–17). The
consensus is that, despite the evolution of oxy-
genic photosynthesis some 900 million years
(Myr) prior,most of life’s diversitywas anaerobic
before the GOE (18), although local concentra-
tions of oxygen may have been higher in some
environments (12, 19), and the extent to which
aerobic life might have evolved and persisted
before the GOE is debated (19–23). As oxygen
levels rose, anaerobic life either retreated to
anoxic niches or adapted to its presence, giving
rise to a wide variety of lifestyles that could
either tolerate or directly use oxygen in the
respiratory chain (24). Most transitions to
aerobic lifestyles would have happened during
or after the GOE, potentially providing amaxi-
mum age for most oxygen-adapted lineages
that can help to resolve the bacterial time tree.
We develop and validate a probabilistic ap-

proach to date bacterial evolution using the
GOE as a soft maximum age calibration on
oxygen-adapted lineages (Fig. 1).

Results
Inferring the evolution of oxygen adaptation on
the bacterial tree

We inferred a species tree of Bacteria using
1007 bacterial genomes representing most
orders in the Genome Taxonomy Database
(GTDB) (25) [Fig. 2A and supplementary mate-
rials (SM) section 1].We usedmachine learning
to predict oxygenadaptation fromgenomic gene
content, finding that the gradient boosting
method XGBoost (26) was the most accurate
and robust, based on annotations from the
BacDive database (see fig. S1 and table S1).
Aerobic organisms, as defined in BacDive, are
those that can grow in the presence of oxygen.
This category includes both organisms that
utilize oxygen as part of their respiratory chain
and those that can simply tolerate its presence.
To identify the branches on the tree where

transitions between anaerobic and aerobic
lifestyles occurred, we reconstructed ancestral
gene contents for all internal nodes of the
species phylogeny using the phylogenetic
reconciliation method ALE (27, 28) (see SM
section 2) and applied the XGBoost classifier
to these nodes to infer the ability of ancestral
organisms to grow in the presence of oxygen
(SM section 3). In our dataset, we inferred 84
transitions from anaerobic to aerobic life-
styles, with 36% (30 transitions) occurring in
the terminal leaves. Conversely, 66 transi-
tions to anaerobic were observed, with 60%
(41 transitions) affecting the terminal leaves.
Since ancestral gene contents can only be

inferred with substantial uncertainty, we ex-
plored the impact of false positives and nega-
tives (spuriously present or absent gene families)
on our ancestral state inferences. Even with a
joint 50% false negative and false positive rate,
XGBoost retained >90%accuracy (fig. S1). This
robustness implies that many gene families dis-
tinguish aerobes from anaerobes. Genes with
the largest effect on the XGBoost predictions
are predicted to be directly involved in aerobic
respiration (such as terminal oxidases and the
biosynthesis of their cofactors) and hallmark
genes of anaerobic metabolism (such as pyru-
vate formate lyase; Fig. 2B).
To validate our findings, we built an alter-

native classifier based on only the trimmed
amino acid concatenate used to infer the species
tree (SM section 3). The concatenate-based
classifier had a leave-one-out prediction accu-
racy of 83.7% and was in good agreement with
the gene content-based classifiers for ancestral
nodes (overall 90% with XGBoost; see SM
section 3). This suggests that oxygen adaptation
has left two consistent but distinct imprints in
genomes, on gene content, and in the amino
acid sequences of universal genes.
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A bacterial time tree calibrated with the GOE
By identifying branches in our reference tree
withdifferentXGBoost-predicted aerobic states
for ancestral and descendant nodes, we estab-
lished a map of aerobic transitions on the bac-
terial phylogeny, to which the GOE soft maxima
could be applied in dating analyses (Fig. 3).
To infer the time scale of bacterial evolution,
we expanded our species tree to include genes
from eukaryotic organelles. Mitochondria and
chloroplasts branch with Alphaproteobacteria
(29, 30) and Cyanobacteria (31, 32), respec-
tively, but their ages can be constrained using
the eukaryotic fossil record, increasing the num-
ber of fossil calibrations available for dating
the bacterial species tree (of 16 calibrated nodes,
10 are eukaryotic, with the eukaryotic record
providing 5 of 7 nonredundant maximum age
calibrations (SM section 4) (33, 34). Since plants
and algae have both mitochondria and chlor-
oplasts, the same eukaryotic species divergen-
ces occur twice in the bacterial species tree,
for example, the divergence between red and
green algae appears in both the mitochon-
drial and plastid clades. These equivalent
nodes can be “braced” (fixed to the same un-
known age) (33, 34) in the dating analysis,
providing valuable additional calibration in-
formation (Fig. 3).

We then performed Bayesian relaxed clock-
dating analyses to estimate evolutionary rates
and divergence times and used a Gamma dis-
tribution tomodel themanifest rate variation
among lineages in our focal analyses (shown
in Fig. 3). We performed analyses under three
different calibration strategies: “MFI,” in which
the MFI is used as the only calibration, pro-
viding a maximum age for bacterial evolution;
“fossils,” which includes the MFI calibration
and fossil and geochemical calibrations on
15 additional nodes (see fig. S2 and SM section
4), and “fossils + GOE” as for fossils with an
additional GOE soft maximum on the age of
aerobic nodes. Note that, although transitions
to oxygen were likely more common after the
GOE, it is plausible that at least some aerobic
lineages evolved beforehand (19–22, 35–37). To
account for this possibility, we implemented
a soft maximum in the Bayesian analysis. Soft
maxima have traditionally been used to reflect
uncertainty in interpreting absence data in
the fossil record (38), but they also provide a
natural framework for the hypothesis thatmost
aerobic transitions occurred after the GOE. Re-
flecting this expectation, we reduce the proba-
bility that aerobic nodes are older than the
GOE, but they can nonetheless predate the
GOE if there is sufficient evidence from fossils

or sequence divergence to support it (Fig. 1, B
and C, and figs. S3 and S23).
The impact of the GOE soft maximum is

generally a shift in the origin of aerobic bac-
terial lineages toward the present, with the
mean age of bacterial phyla becoming 328Myr
younger when this calibration is applied. It is
important to note that this result is not pre-
determined by our assumption of a soft maxi-
mum at the GOE because, as noted above, the
data (sequences and calibrations) can overcome
the prior (Fig. 1B). This was indeed the case for
five aerobic nodes (Figs. 3A and 5A), including
the immediate antecedents of photosynthetic
Cyanobacteriia (Fig. 3 transition I, Fig. 5B node
2, and SM section 5), consistent with geological
evidence of at least some free oxygen at 3.225 Ga
(see SM section 4).

Ancient gene transfers support the GOE
soft maxima

We used the GOE soft maxima based on the
prior hypothesis that aerobic lifestyles would
have been more common after the GOE than
before. However, given that some aerobic bac-
terial lineages predate the GOE in both the
“fossils” and “fossils+GOE” analyses, it seems
reasonable to ask whether applying the GOE
softmaxima improves inference of the bacterial

A B C

Fig. 1. An integrated approach to date bacterial evolution and recon-
struct the history of oxygen adaptation. (A) We used relaxed molecular
clock analyses to infer a dated phylogeny of bacteria, informed by several
sources of information (gray boxes). These include orthologous marker genes
(65-gene concatenate, including genes from the mitochondrial and plastid
genomes, in yellow and green, respectively), calibrations, and ancestral
transitions to oxygen use informed by phylogenetic reconciliation and
machine learning (see supplementary material sections as indicated by
numbers above boxes and main text). (B and C) Fossils provide minimum
ages for clades (that is, they establish that a given clade existed at a certain
point in the past), but establishing maximum age constraints is more
challenging. In molecular clock analyses, the time information provided
by fossils is encoded in the prior (4). Combined with the sequence

information, the analysis results in a posterior estimate for the age of each
node. In some cases (B), the available information from sequence data and
fossils provides strong evidence that a node is truly ancient, but in the
absence of strong evidence (C), node ages are skewed towards the root of the
tree due to a lack of information, where the age of Earth (based on the
MFI) provides the only maximum. (B) and (C) illustrate the effect of applying
a soft maximum calibration at the GOE to aerobic nodes that represent these
alternatives. In (B), the inferred node age remains old as sequence and fossil
information overrule the soft maximum prior. In (C), sequence and fossil
information do not provide compelling support for a pre-GOE age. Our analyses
show that GOE soft maxima improve the accuracy of the inferred time tree with
respect to an independent measure: the history of gene transfers among
bacterial lineages (see later in main text and Table 1).
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Fig. 2. The evolution of oxygen adaptation in Bacteria. (A) A species tree of
Bacteria (inferred using 65 marker genes from 1007 genomes using a custom
site-heterogeneous substitution model), with branches colored according to
predicted ability to grow in the presence of oxygen (red, aerobic; blue,
anaerobic). The outer ring shows observed (dark colors) or predicted (light
colors) oxygen adaptation phenotypes for extant genomes. Major bacterial phyla
(with >15 genomes in our tree) are named and delimited by shading. Branch
lengths are proportional to the expected number of substitutions per site, as

indicated by the scale bar. (B) Genes with the strongest contribution (SHAP
values) to classification as aerobic or anaerobic according to the XGBoost
classifier (see main text and SM). Each dot represents one node in the tree. On
the left, genes with a higher copy number predict an anaerobic lifestyle; on the
right, genes with a higher copy number predict an aerobic lifestyle. The genes
most diagnostic of aerobic lifestyles include core components of aerobic
metabolism such as HCO, enzymes for the biosynthesis of heme A, the cofactor
of the most widely distributed O2 reductase (A-family) from the HCO superfamily.
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Fig. 3. A dated phylogeny of Bacteria. (A) Dated phylogenetic tree of
Bacteria. Branch colors represent anaerobic (blue) and aerobic lineages (red).
Mitochondrial and chloroplast branches are colored in orange and green,
respectively. Branch lengths are proportional to geological time (in billions of
years.) Horizontal gray bars indicate 95% highest posterior densities, shown
for the root as well as the two major bacterial divisions, Gracilicutes and
Terrabacteria. The vertical gray line indicates the MFI at ~4.52 Ga; the green line
at ~3.23 Ga reflects the presence of fossil and isotopic evidence for oxygenic
photosynthesis; the red line at ~2.33 Ga reflects the end of the GOE (see
calibrations in SM section 4). Black dots denote nodes that were directly
calibrated in molecular clock analyses. Red dots labeled with roman numerals

indicate branches with inferred aerobic transitions that likely predate the GOE
(Fig. 2). These include the MFI at 4.5 Ga as a maximum on Bacteria, three
cyanobacterial fossils, the pigment okenane (diagnostic of Chromatiaceae), and
10 calibrations from the eukaryotic fossil record mapped to mitochondria and
chloroplasts (see fig. S20). Alternating background shading distinguishes
geological eons. (B) Inferred ages of taxonomic ranks as defined in GTDB. The
names of phyla represented by eight or more genomes are shown. We show
the age of the last common ancestors of major taxa (phyla, class, order, and family)
represented in our 1007 genomes dataset by at least three genomes. The median
ages are: phyla, 2115 Ma; class, 1524 Ma; order, 1120 Ma; family, 655 Ma. A
chronogram with annotations is included in the supplementary data.
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time tree. We reasoned that the histories of
gene families carry phylogenetic signals to
distinguish the dated trees because gene trans-
fers can only occur between species that exist
at the same time (39–42). To harness this in-
formation, we used a reconciliation model that
only allows transfer between branches that
overlap in time (see SM section 6). The like-
lihood of gene families under the reconcilia-
tion model provide a metric for choosing
among different time trees (fig. S5), much as
sequence likelihood can be used to choose
among tree topologies in traditional phylo-
genetics (43–45).
To assess the effect of the GOE soft maxi-

mumon the time tree,we compared the support
for the inferred timescales using 4713 gene
families from the 1007 genomes (Table 1). As
expected, the time tree calibrated with only
the MFI had the lowest likelihood—that is,
was least compatiblewith gene family histories.
Calibrating the tree with fossils substantially
improved the likelihood, whereas combining
fossils with the GOE soft maximum further
increased the likelihood and produced the
best results. The improvement in likelihood
was greatest when using the XGBoost predictor,
though a substantial improvement in likelihood
was observed for all predictors of oxygen adap-
tation tested (Table 1 and fig. S5), including the
second-best ExtraTrees and the concatenate-
based method (SM section 3).

A revised chronology of bacterial evolution

Our analyses support the view that the deepest
divergences within the bacterial domain oc-
curred early in Earth’s history (Fig. 3). We
estimate that the last bacterial common an-
cestor (LBCA; Fig. 4A) existed 4.4 to 3.9 Ga,
which is after the MFI but likely before the pe-
riod associated with the Late Heavy Bombard-
ment (4.0 to 3.8 Ga) (46). The inferred age of
LBCA is broadly consistentwith recent analyses
incorporating a wide sample of known bacte-
rial and archaeal diversity (22, 47, 48), but
older than some earlier analyses (8, 49). These

inferences suggest that the early Earth was
more hospitable for prokaryotic life than has
sometimes been thought (7). A frequent dif-
ficulty in deep-timemolecular clock analyses
is that age estimates are sensitive to the root
maximum age calibration, with the inferred
root ages clashing against the maximum root
age due to a lack of informative maxima else-
where in the tree (34, 50–52). Our analyses in-
corporating different datasets and alternative
calibrations show that theGOE softmaximum
calibration provides new timing information
that makes inferences robust to the model
choice and root maximum age (Fig. 4B and
SM section 5). For example, when setting the
root maximum to 3.8 Ga (corresponding to
the estimated end of the Late Heavy Bom-
bardment), the age of LBCA is constrained
against the maximum, but stabilizes at 4.4
to 3.9 Ga with older root maxima. Thus, the
sequence data and fossils do not support the
view that extant bacterial life originated after
the Late Heavy Bombardment, even with the
introduction of a GOE soft maxima on aero-
bic nodes.
We infer that the major descendant clades

Gracilicutes and Terrabacteria radiated 4.2 to
3.6 Ga and 4.3 to 3.9 Ga, respectively, much
earlier than the original estimates (49), but in
broad agreement with some recent inferences
(22). The extant phyla with the oldest crown
groups are Bacillota (formerly Firmicutes;
3.6 to 3.0 Ga), Patescibacteria (3.4 to 2.9 Ga),
Actinomycetota (3.4 to 2.8 Ga) and Cyanobac-
teriota (3.5 to 3.3 Ga). Pseudomonadota (for-
merly Proteobacteria; crown age 2.9 to 2.6 Ga)
are somewhat younger than Cyanobacteriota
(3.5 to 3.3 Ga) and other major terrabacterial
phyla despite their extant phylogenetic and
metabolic diversity. We inferred the age of
extant oxygenic photosynthesizers, crownCya-
nobacteriia, to be 2.5 to 2.1 Ga. This date has
varied in previous analyses (22, 41, 53), rang-
ing from the Proterozoic back to the Archaean
(3.9 to 1.7 Ga). In our dating analysis we ap-
plied the GOE soft maximum to all aerobic

nodes, including crown oxygenic photosynthetic
Cyanobacteriia. However, since this ancestor
was already able to make its own oxygen
through photosynthesis, we also performed
an analysis excluding crown Cyanobacteriia
from the GOE soft maximum calibration, re-
sulting in a moderately older estimate (2.7 to
2.1 Ga, fig. S28), which is in broad agreement
with recent analyses using alternative dating
approaches (53).
We find that the relative evolutionary diver-

gence (RED) metric—which measures genetic
divergence between sequenced taxa and is
used by GTDB to partition prokaryotic diver-
sity into taxonomic groups of similar age—
correlates well with absolute geological time,
with a Spearman correlation coefficient (r) of
0.93 between RED values and the age of nodes
(SM section 5). A previous study focusing on
fungal taxonomy found a similar consistency
between RED and relative divergence times
(54), suggesting that RED is generally a good
proxy for divergence time, despite its rela-
tive simplicity.
Our analysis makes plain the enormous

difference in evolutionary timescales for pro-
karyotic and eukaryotic diversity and the tem-
poral heterogeneity of Linnean ranks (55, 56).
For example, we estimate that the last com-
mon ancestor of extant mitochondria (and
therefore of extant eukaryotes) lived 1880 to
1502 million years ago (Ma). The eukaryotic
domain of life is therefore comparable in age
to a bacterial class whereas previous estimates
of the crown ages of groups such asmetazoans
(animals) 833 to 650 Ma (57, 58) and embry-
ophytes (land plants) 515 to 494 Ma (59) cor-
respond roughly to bacterial families whose
ages range from 899 to 457 Ma in our analysis
(Fig. 3). Indeed, many modern bacterial fami-
lies were already established in the Archaean
or Proterozoic (see Fig. 3). Furthermore, Fig. 3
reveals that a decisive fraction of extant bac-
terial diversity evolved before the emergence
of bacterial phyla, which supports the recent
proposal to add the rank of kingdom between
domain and phylum (60).

Aerobic metabolism predated the GOE

Returning to the history of aerobic adaptation
across the bacterial tree, LBCA and the com-
mon ancestors of Gracilicutes and Terrabac-
teria are inferred to be anaerobic. Indeed, most
(38 out of 49) bacterial phyla are inferred to
be ancestrally anaerobic. For example, our
analysis identifies two early independent aer-
obic transitions within the Pseudomonadota
(Proteobacteria), consistent with published
gene trees showing multiple horizontal ac-
quisitions of key respiratory enzymes in this
clade (61).
We find that most aerobic transitions hap-

pened after the GOE, in both the analysis with
(72 of 84 post-GOE, Fig. 3A) and without the

Table 1. Comparison of likelihoods under the time-constrained DTL model. Using different
consensus chronograms, 4713 families were reconciled. We show both the total log-likelihood
(resulting from adding all the log-likelihoods from every reconciliation) and the difference with the
least likely chronogram (MFI is the only calibration implemented as a maximum age calibration on the
root). The analysis indicated that the dated tree incorporating the XGBoost predictions of oxygen use
was significantly better (AU test P < 0.05) (93) than all others. Chronograms are included in the
supplementary data.

Condition Log-likelihood Improvement over MFI AU test P-value

MFI −4736205 0 1 × 10−14
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

MFI + Fossils −4735968 237 8 × 10−17
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

MFI + Fossils + GOE (Concatenate) −4735871 334 2 × 10−8
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

MFI + Fossils + GOE (ExtraTrees) −4735539 666 9 × 10−6
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

MFI + Fossils + GOE (XGBoost) −4735472 733 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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GOE soft maximum (61 of 84 post-GOE,
fig. S23). However, even with the GOE soft
maximum, themedian posterior age of 12 tran-
sitions predated the GOE, of which 5 occurred
pre-GOEwith95%posteriorprobabilityorgreater

(Fig. 5A), providing evidence for oxygen adap-
tation before the sustained oxygenation of the
atmosphere (20, 23, 35, 62–65). Pre-GOE,
microorganisms might have encountered local-
ized pockets of oxygen produced abiotically by,

for example, photolysis or radiolysis of water
(65, 66), crushed silicate rock-water reactions
(67–69) or local concentrations of oxygen pro-
duced in microbial mats or marine oxygen
oases following the evolution of oxygenic photo-
synthesis (70–72).
The earliest inferred aerobic transition oc-

curred by 3.2 Ga, that is, at least 900 Myr be-
fore the GOE, in the common ancestor of
the cyanobacterial classes Cyanobacteriia and
Vampirovibrionia (henceforth CV ancestor,
node 2 in Fig. 5B). To investigate whether this
lineage was already capable of aerobic respi-
ration, we developed a second gene content–
based classifier that predicts the ancestral pre-
sence of terminal oxidases [i.e., 22 heme-copper
oxygen reductases (HCOs) and cytbd families
and subfamilies] based on reconstructed ances-
tral gene content (see SM section 3). We first
applied the two classifiers for oxygen adapta-
tion (aerobe/anaerobe) and terminal oxidases
(presence/absence) to the 1007 genomes of ex-
tant organisms to sanity check the four pos-
sible combinations. As expected, almost all
modern aerobes were predicted to have ter-
minal oxidases (~97%, 433 of 445 genomes);
however, the Patescibacteria were a conspicu-
ous exception in that they include predicted
aerobes that lack terminal oxidases (12 of
445 genomes). This may be due to their host-
associated lifestyle in which they indirectly
profit from the terminal oxidase of an aerobic
host (73). For example, the archaeal DPANN
symbionts belonging to theNanohaloarchaeota
include aerotolerant organisms that depend on
aerobic hosts (74, 75). Notably, almost half of
contemporary anaerobeswere predicted to have
terminal oxidases (~46%, 261 of 562 genomes,
see SM section 3 for manual verification of
these cases), which may be used for oxygen
detoxification (76–78). The remaining half were
predicted to be anaerobes lacking terminal
oxidases, which is also the inferred state of most
deep ancestral nodes.
The terminal oxidase classifier predicted that

three of the five high-confidence pre-GOE aero-
bic transitions involved terminal oxidases:
those of early Cyanobacteriota (94% proba-
bility), Chloroflexota (89%), and Myxococcota
(99%; transitions I, II, and IV in Fig. 5A). The
combination of the signal for oxygen adapta-
tion and for the ancestral presence of terminal
oxidase provides compelling support for the
hypothesis that the CV ancestor was already
able to use oxygen. However, the probabilities
for the presence of individual components of
the respiratory chain are only moderate in the
CV ancestor (Fig. 5B; see also fig. S8), and thus
machine learning classifiers that aggregate
data across the genome provide essential ad-
ditional evidence. This finding contrasts with
our previous inference that the CV ancestor
was anaerobic based solely on the presence
of different terminal oxidase types in extant

A

B

Fig. 4. The inferred age of the LBCA under a range of analysis conditions. (A) Inferred age of LBCA
relative to the MFI and the period associated with the Late Heavy Bombardment. An analysis considering only
the tree topology and calibrations, including the LBCA maximum root age based on the MFI (that is, the
effective prior, in green) places most of the probability close to the root maximum age calibration at 4.52 Ga.
The effect of adding sequence data is to shift the age range for LBCA to be moderately younger, albeit still
abutting the MFI (blue). Adding the additional soft maxima on aerobic nodes (the GOE soft maxima, red)
ameliorates the very old age suggested by the tree topology and calibrations by themselves. (B) Effect
of different root age maxima on the inferred age of the last bacterial common ancestor, with and without the
GOE soft maxima. When the GOE soft maximum calibration is applied (red, on left) the inferred age of
LBCA becomes robust to choices of root age maxima that extend back to the age of the known universe at
13.8 Ga, likely due to the additional rate information provided by the new maxima. Considering only the
calibrations, root maximum, and sequence data (blue to the right), the inferred age of LBCA is sensitive
to the choice of root maximum. For example, when maxima are older than the MFI, the age of LBCA exceeds
the age of Earth. This effect has been discussed before (8, 47, 50) and may reflect a lack of maximum ages
to calibrate the molecular clock early in life’s history.
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Cyanobacteriia and Vampirovibrionia (17, 61),
highlighting the additional insights provided
by phylogenetic reconciliation combined with
machine learning.
The comparison of results from the classifiers

for oxygen adaptation and terminal oxidases
suggests that terminal oxidases predate tran-
sitions to aerobic lifestyles, sometimes subs-
tantially, with some deep anaerobic nodes
within Gracilicutes predicted to encode termi-
nal oxidases with high confidence (fig. S18).
This result is consistent with previous work
suggesting that some key oxygen-using enzymes

trace their origins prior to the GOE (23), to
LBCA (20) or even the last universal common
ancestor (21). One plausible scenario for the
evolution of aerobic respiration is that the
GOE and associated increase in atmospheric
oxygen levels created a strong selective pres-
sure for the evolution of new protein machin-
ery that could harness this resource for cellular
energy (79). However, our work [and that of
some others (20, 21, 23, 35, 63)] instead sug-
gests that aerobic respiration might have
evolved more gradually, with the earliest termi-
nal oxidases adapted to deal with trace amounts

of oxygen produced initially by nonphoto-
syntheticmeans, as described above. If so, that
would suggest that modern anaerobes that
encode terminal oxidases but do not appear
to use them as a means of energy conversion
(76–78) might represent the best modern ana-
logs of this early period of HCO evolution.
Future research involving ancestral sequence
reconstruction of the HCO in the CV ancestor
might provide insight into the selective pres-
sures that drove the evolution of this enzyme.
The first appearance of key oxygenic photo-

synthesis genes is in the Cyanobacteriia ancestor

A

B

Fig. 5. Aerobic metabolism predates the GOE and likely enabled oxygenic
photosynthesis. (A) Age ranges for inferred aerobic transitions (indicated by a
shift from blue to red) that likely predate the GOE. The depicted age ranges
extend from the oldest 5% tail of the anaerobic ancestor to the youngest 5% tail
of the aerobic descendant. 12 transitions have a median transition age younger
than the GOE (that is, pre-GOE transition probability >0.5); 3 of the 5 transitions
that have >0.95 of their probability before the GOE were inferred to have a HCO/
cytbd terminal oxidase using an ML classifier (names in bold, see also fig. S18).
(B) Aerobic transitions and gene content evolution within Cyanobacteriota. We
infer that the transition to an aerobic lifestyle occurred along the branch leading
to the last common ancestor of Cyanobacteriia and Vampirovibrionia (node 2;
see also fig. S4 and SM section 5), whereas oxygenic photosynthesis appears
later, within the stem lineage leading to crown Cyanobacteriia (node 3; i.e., within
total-group Cyanobacteriia), although its evolutionary origins are contested
(94, 95). Although the crown cyanobacterial ancestor is very likely to have been

capable of oxygenic photosynthesis, presence probabilities for some of the key
genes are only moderate as a result of the conservative nature of reconciliation
analyses in the presence of phylogenetic noise (80). The XGBoost prediction
is consistent with presence-absence patterns for Complex III and IV genes in
extant and ancestral Cyanobacteriota, with some support for the hypothesis that
CoxA was already present in the CV ancestor. The columns include the average
probability of genes involved in photosynthesis, PS I - Psa contains photosystem
I's primary reaction center; PS I - Ycf involves photosystem I assembly, and
PS II - Psb forms the core of photosystem II, essential for oxygen evolution.
Overall, these analyses are consistent with the hypothesis that the cyanobacterial
lineage that evolved oxygenic photosynthesis was already capable of aerobic
respiration (21, 62). The green line at ~3.23 Ga reflects the presence of fossil and
isotopic evidence for oxygenic photosynthesis; the red line at ~2.32 Ga reflects
the end of the GOE (see calibrations in SM section 4). Alternating background
shading denotes geological eons.
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(node 3 in Fig. 5), postdating aerobic metabolism
in this lineage. This lends support to the hypo-
thesis that oxygen adaptation was a necessary
prerequisite for, and may have facilitated, the
evolution of oxygenic photosynthesis, as it
would have enabled early Cyanobacteriia to
manage or even capitalize upon the oxygen
produced (21, 62–64). However, confidently
determining the order of these events is chal-
lenging because demonstrating the absence of
a trait becomes more difficult as phylogenetic
signal is diluted further back in evolutionary
time (80). Given recent work suggesting that
phototrophy might have evolved earlier in
bacterial evolution (81, 82), we cannot reject
the possibility that oxygenic photosynthesis
predated, or coevolved with, aerobic metab-
olism in the cyanobacterial lineage. To explore
the impact of these uncertainties on our time
tree of bacteria, we performed clock analyses
in which we did not assume that the orga-
nisms carrying out oxygenic photosynthesis
at 3.2 Ga were stem-Cyanobacteriia (see SM
section 4), instead using a conservative youn-
ger minimum age for the CV ancestor at the
GOE (fig. S4). In this analysis, the CV ances-
tor was inferred to be younger (2.9 to 2.4 Ga),
but our results were not otherwise majorly
affected.

Tempo and mode of bacterial evolution

We estimated rates of gene content evolution
in aerobes versus anaerobes by combining the
dated tree with the gene tree-species tree re-
conciliations. Numbers of gene transfers and
losses per million years that have left a phy-
logenetic signal, normalized by genome size,
were broadly similar in aerobes and anae-
robes, with about one transfer and one loss
recorded per million years, while inferred rates
of gene duplicationwere about 100 times lower.
Gene transfer was instrumental in the spread
of aerobic metabolism, including transfer of
electron transport chain components and other
genes associated with transitions to aerobic life
(SM section 7).
To evaluate how bacterial gene repertoires

have evolved over time, we applied nonmetric
multidimensional scaling to quantify the dis-
parity among the gene content of modern and
ancestral bacteria, using the reconstructed
ancestral gene repertoires as ancestral states
(see SM section 7). Plotting disparity through
time (Fig. 6A) shows that most variation in bac-
terial gene repertoires was already established
prior to 3.5 Ga, during the radiation of the Ter-
rabacteria and Gracilicutes clades, supporting
an “Archaean expansion” of gene families (83).
Next, we investigated the impact of the

transition to aerobic metabolisms on bacterial
evolution. To compare the relative diversifica-
tion rate of aerobes and anaerobes, we used a
metric based on the time intervals between
speciation events (Fig. 6B and SM section 7).

This analysis suggests two main periods of
oxygen adaptation: a rapidly established di-
versification advantage of aerobes beginning
at the GOE (Fig. 6E) that was sustained for the
following ~1.5 billion years, after which it waned
but then rebounded during the last 500 Myr. A
higher diversification rate for aerobes is also evi-
dent in a complementary metric that measures
the directionality of transitions between aerobic
and anaerobic metabolism (Fig. 6C and SM sec-
tion 7). We interpret this pattern to reflect a
combination of the creation of aerobic niches at
the GOE and additional higher-oxygen aerobic
niches, as levels of atmospheric free oxygen un-
derwent a second sustained rise in the Paleo-
zoic (84, 85), and the selective extinction of early
anaerobic lineages as a consequence of oxygen-
ation, as well as reduction and fragmentation
of their niche space. The gradual, rather than
punctuated, rise in aerobic lineages through-
out theMesoproterozoic (Fig. 6D) is consistent
with relatively low levels of oxygen during this
period (84, 86, 87), which could have served to
temper aerobic diversification.
In addition to the two periods during which

aerobic lineages had a relative advantage, both
diversification metrics also record a late rever-
sion of the earlier trends, in which anaerobes
are at an advantage ~200 Ma (Fig. 6). These
inferences are uncertain because confidence
intervals are wider in this period owing to the
low number of speciation nodes. Nonetheless,
it seems possible that this signal reflects adap-
tation to new anoxic niches, such as the gas-
trointestinal tracts of early animals or anaerobic
niches within decaying biomass (88, 89). This
hypothesis could be tested in the future by
expanding taxon datasets and analyzing bac-
terial lineages that have diversified into these
anoxic niches using the methods developed in
this study.

Discussion

Our analyses show a new way to link bacterial
gene content to phenotype, and to trace those
relationships back in time. By combining phy-
logenetic reconciliation withmachine learning,
we predicted the oxygen use phenotypes of
ancestral nodes in the bacterial tree. We com-
pensated for loss of phylogenetic resolution
in deep time by aggregating the signal from
many gene families both directly and indi-
rectly associated with the phenotype. While
the approach assumes that the genes predic-
tive of aerobic metabolism in modern organ-
isms are also predictive for their ancestors, our
analyses suggest that the signal we capture is
robust to substantial levels of noise, and so
reliably tracks anaerobe-to-aerobe transitions
in deep time. This allowed us to calibrate bac-
terial evolution to the record of biospheric
oxygenation, greatly augmenting the limited
fossil record of early life and bringing a new
level of resolution to the study of evolution

in deep time. Our time tree highlights the
disparity between bacterial and eukaryotic
classification: most extant bacterial phyla radi-
ated in the Archaean and early Proterozoic,
predating the eukaryotic domain of life. The
earliest aerobes that left extant descendants
lived in the Archaean (3.22 to 3.25 Ga), pre-
dating the GOE by about 900 Myr, and gave
rise to theCyanobacteriia andVampirovibrionia,
suggesting that aerobic metabolism evolved
prior to oxygenic photosynthesis and the GOE
in a restricted number of lineages. The GOE
then drove an intense period of diversification
and spread of aerobicmetabolism, followed by
a second phase of diversification at the end of
the Proterozoic, consistent with aMesoproter-
ozoic redox stasis and an expansion of oxyge-
nated habitats thereafter. This was enabled by
the widespread transfer of respiratory complexes
based on oxygen, and lineages that became ae-
robic subsequently experienced a higher diversi-
fication rate than contemporaneous anaerobes.
Similar techniques could be applied to study the
evolution of other phenotypic traits in light of
Earth’s history as well as to further investigate
oxygen adaptation within the Archaea or both
domains simultaneously to develop a broader
picture of the biological response to atmospheric
oxygenation on the early Earth. We anticipate
that high-resolution time trees of microbial
life will greatly enrich our understanding of
the interplay between biological and geolog-
ical evolution.

Materials and methods summary
Species tree inference

We inferred a rooted bacterial phylogeny using
a 65-marker gene concatenate derived from
1007 genomes representatively sampled from
the GTDB taxonomy (05-RS95). The tree was
inferred using a new, dataset-specific, site-
heterogeneous substitutionmodel (LG+EDM64+
G). We then added mitochondrial and plastid
clades to the inferred species tree to make use
of the eukaryotic fossil record in subsequent
molecular clock analyses. For more details, see
SM section 1.

Ancestral genome reconstruction

We reconstructed ancestral gene content by re-
conciling 4856 gene families against the species
tree using the undated algorithm in amalga-
mated likelihood estimation (ALE) (27). To re-
duce phylogenetic noise, initial gene families
based on Cluster of Orthologous (COG) anno-
tations were divided into subclusters if long in-
ternal branches were identified in initial gene
family trees. Gene families were inferred using
IQ-TREE (90) using the best-fit model as de-
termined by the Bayesian Information Crite-
rion in each case. Photosynthesis-related COGs
were analyzed separately to ensure compre-
hensive representation of photosystem genes.
For more details, see SM section 2.
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Prediction of oxygen use phenotypes
To map anaerobe-to-aerobe transitions in the
bacterial tree, we trained a series ofmachine learn-
ing classifiers to predict oxygen use phenotype
(aerobe or anaerobe, based on classifications from

BacDive) (91) from COG gene family counts. The
XGBoost method had the best overall accuracy
and robustness. The model was trained on ex-
tant genomes and then applied to ancestral
genomes. For more details, see SM section 3.

Molecular dating analyses
Bayesian relaxed molecular clock analyses were
performedwithmcmc-dateusing the calibrations
described inSMsection4.Weexplored a rangeof
analysis conditions to evaluate the robustness

Oxygenic 
photosynthesis

Great Oxidation 
Event

Archaean Proterozoic Phanerozoic

Moon-forming 
impact

Hadean

modern-day 
O2 levels 

A

B

C

D

E

Fig. 6. Bacterial evolution through geological time. (A) The early evolution of
bacterial genetic diversity in the Archaean (83) is reflected by a rapid increase in
gene content disparity (see SM section 7). (B) The line charts the relative
diversification rate (the ratio of the inverse of the waiting time to the next
speciation event) for aerobic and anaerobic lineages, revealing a persistent higher
diversification rate of aerobes for most of Earth’s history since the GOE. Rates
equilibrated prior to the end of the Proterozoic, before a return to higher
diversification rates for aerobes since the GOE. The dotted line denotes a ratio of 1,
where the diversification rate of aerobic and anaerobic lineages is equal. Terminal
branches were omitted and ratios since 100 Ma were not calculated as a result
of a low number of nodes. (C) Spread of aerobic metabolism by HGT. Transitions
from anaerobic to aerobic lifestyles have outnumbered transitions in the reverse

direction for most of Earth’s history since the GOE. The plots show the ratio of
aerobic to anaerobic transition rates on the dated species tree during each time
period. The dotted line denotes a ratio of 1, where transitions occur in both
directions at the same rate. The small number of nodes since ~200 Ma greatly
increases uncertainty for both analyses, as reflected in the wide confidence
intervals of posterior node age estimates. Ratios since 100 Ma were not calculated
due to a low number of nodes. (D) Number of aerobic lineages according to
Fig. 3. (E) Qualitative sketch of atmospheric oxygen levels through time based on
(11, 13, 84). The gray line shows the MFI at ~4.52 Ga; the green line at ~3.23 Ga
reflects the presence of fossil and isotopic evidence for oxygenic photosynthesis; the
red line at ~2.33 Ga reflects the end of the GOE (see calibrations in SM
section 4). Alternating background shading distinguishes geological eons.
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of our results to different calibration approaches
(for example, with and without GOE soft
maxima) and alternative interpretations of the
geological record (SM section 5). The resulting
dated species trees were compared using a new
time-constrained reconciliation model, imple-
mented in ALE and described in SM section 6.
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Editor’s summary
When exploring deep time, the problem is that there are few, if any, good fossils of the earliest living organisms, and
it is impossible to precisely date the evolution of those that do exist. One calibration point is provided by the impact
event about 4.5 billion years ago that resulted in sterilization of Earth and formation of the Moon. Davín et al. used
molecular clocks, machine learning, and phylogenetic reconciliation to present a reconstruction of the evolution
of Earth’s bacterial biosphere over the past 4 billion years with particular emphasis on aerobic metabolisms. Their
analysis showed that the last common ancestor of bacteria likely existed 4.4 to 3.9 billion years ago, and aerobic
organisms likely emerged before the Great Oxidation Event (2.43 to 2.33 billion years ago). Oxygen tolerance may
have been a prerequisite for, rather than a consequence of, the evolution of oxygenic photosynthesis. —Caroline Ash
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