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A B S T R A C T

The history of Earth’s atmospheric oxygen is a cornerstone of evolutionary biology. While unequivocal evidence for an increase in atmospheric O2 marks the Great 
Oxidation Event (GOE) roughly 2.4 billion years ago, evidence underlying proposals for pre-GOE O2 accumulation is debated. Here we have investigated the dis
tribution of genes for oxygen reductases, the enzymes that consume O2 in respiratory chains, across independently generated molecular timescales of prokaryotic 
evolution. The data indicate that cytochrome bd-oxidases, heme-copper oxidases and alternative oxidases arose in the wake of the GOE ca. 2.4 billion years ago, after 
which the genes were subjected to abundant lateral gene transfer, a reflection of their utility in redox balance and membrane bioenergetics. The data lead us to 
propose a straightforward four-stage model for O2 accumulation surrounding the GOE: (i) Negligible O2 existed prior to the GOE. (ii) Cyanobacterial O2 production 
started at the GOE, yet was capped at 2 % [v/v] atmospheric O2, the threshold at which cyanobacterial nitrogenase is inhibited by O2. (iii) Production of 0.02 atm of 
O2 (2 % [v/v]) at the GOE buried roughly the entire atmospheric CO2 inventory, causing sudden enrichment of 13C in dissolved inorganic carbon (the Lomagundi 13C 
anomaly), through RuBisCO isotope discrimination, without atmospheric O2 exceeding 2 % [v/v]. (iv) High atmospheric 12C at the end of the Lomagundi excursion 
marks the origin of oxygen reductases, their rapid spread via function in respiratory CO2 liberation, and the onset of equilibrium between photosynthetic O2 pro
duction and respiratory O2 consumption at 2 % atmospheric O2.

1. Introduction

Molecular oxygen, O2, accumulated in the Earth’s atmosphere 
starting ~2.4 billion years ago (Ga) during the Great Oxidation Event or 
GOE, as documented by several lines of evidence [1–3]. Among them, 
heavy stable carbon isotope ratios, δ13C (δ13C = [(13C/12C)sample/ 
(13C/12C)standard] - 1), in sedimentary rocks serves as a proxy for 
increased organic carbon burial, which enable the persistence of 
photosynthetically derived O2 in Earth’s atmosphere [4,5]. Another 
important indicator of Earth’s atmospheric oxygenation are measure
ments of mass-independent sulfur fractionation, or MIFs, which put a 
strict upper limit of 10− 6 present atmospheric level (PAL), or 10− 7 atm, 
prior to the GOE [6]. There are, however, reports that traces of atmo
spheric O2 accumulation, called “whiffs,” commenced slightly earlier 
than the GOE [7,8]. Those reports have been challenged, however, as 
newer findings indicate that the whiffs are caused by later oxidation of 
2.45 Ga sediment samples that were deposited in the absence of O2 [9]. 
Anbar et al. [10] responded to that report and [11] responded in return. 
There are also reports that synthesis of O2 from sand could have 

generated O2 pre-GOE [12–14], but the proposed mechanism involves 
the synthesis of H2O2, which is too reactive to have contributed to O2 
accumulation on an atmospheric scale [15,16]. The half-life of H2O2 is 
only 0.7 s in the presence of Fe2+ [15], which would preclude its role as a 
source of environmental O2 or as a possible precursor to H2O in the 
evolution of the oxygen evolving complex (OEC) of photosystem II [17]. 
There are also reports that ocean floor manganese nodules can synthe
size O2 [18], but the nodules in question are formed and deposited with 
the help of O2, rendering any such contribution to pre-GOE O2 pro
duction unlikely at best.

Several molecular phylogenetic studies of oxygen-utilizing enzymes 
[19–23] or enzymes related to oxygen-utilizing pathways [24,25] infer 
an origin of oxygenic photosynthesis prior to the GOE on the basis of 
molecular clocks. But such studies entail the assumption of strict vertical 
inheritance for prokaryotic genes, that is, no lateral gene transfer (LGT) 
or at most one LGT from an unknown extinct donor [24], whereby it is 
known that all prokaryotic genes studied to date have been subjected to 
multiple LGTs during evolution [26], including—and in particular—O2- 
dependent enzymes, which are among the most frequently transferred 
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genes in prokaryotes [16]. Furthermore, molecular clock studies require 
the use of geochemical and paleontological calibration points, whereby 
there is no agreement as to what constitutes reliable evidence for pre- 
GOE O2. For example, Davin et al. [22] calibrated their trees assuming 
that the Fe and U-Th-Pb isotope signatures reported by Satkoski et al. 
[27,28] represent a hard minimum age for photosynthetic O2 production 
by 3.2 Ga, 800 MY before the GOE, whereby reports using chromium 
isotopes to infer pre-GOE O2 at 3.0 Ga [29] were challenged based on 
evidence for later oxidative weathering [30]. Isotope-independent 
biomarker data supporting the existence of cyanobacteria at 2.7 Ga 
[31] turned out to be contamination from younger rocks [32]. Using 
post-GOE prokaryotic fossils as calibration points [33] dated the origin 
of cyanobacteria to roughly 3 Ga, but no fossil cyanobacteria of that age 
are known, and fossils once thought to be 3.5 Ga cyanobacteria [34] 
turned out to be abiotic structures of hydrothermal vents [35]. Finally, 
the molecular clocks of Jablońska & Tawfik [23] inferred evidence for 
O2 before the GOE were not calibrated on geochemical data but using 
published molecular clocks. If we recall that MIFs put a strict upper limit 
for O2 of 10− 7 atm prior to the GOE [6,36], all reports of pre-GOE O2 
carry the caveat that pre-GOE O2 production was restricted to a 
particular local environment, and never accumulated in the atmosphere.

It is possible that, prior to the GOE, soluble Mn served as an evolu
tionary precursor substrate for the primordial oxygen evolving complex 
prior to the use of water as electron donor, but in a process that does not 
produce O2 [37,38]. There is no question that O2 became environmen
tally and physiologically relevant at the GOE [6]. What if there was no 
rudimentary or locally restricted O2 production before the GOE, which is 
possible [39]? What if the GOE is telling it like it was? In a straight
forward read of the geochemical record, the appearance of biologically 
relevant amounts of O2 on Earth corresponds 1:1 with the GOE. In that 
case, the GOE marks the maximum age of O2 respiration by prokaryotes 
because without the substrate (O2), the O2-reducing enzymes of respi
ratory chains [40,41], and other O2 dependent enzymes [16] could have 
no selectable O2-dependent function. This line of reasoning—that the 
GOE is the calibration point for the origin of O2-dependent enzymes—is 
almost entirely absent in the molecular-based literature on O2 history, 
and no molecular dating studies, except of Soo et al. [42], to our 
knowledge have suggested an origin of O2 dependent enzymes subse
quent to the GOE, that is, molecular dating studies consistently date the 
origin of O2 pre-GOE.

The GOE is not, however, a simple event. The end of the GOE is 
accompanied by the Lomagundi-Jatuli Excursion (LJE, also called the 
Lomagundi excursion), the largest event of elevated, seawater-derived 
δ13C values over the last 3.5 billion years [43,44]. During the LJE, 
δ13C values increased to roughly +5 to +10 ‰, indicating, at face value, 
massive primary production and carbon burial, which under standard 
geochemical models [3,4,45] corresponds to massive O2 production 
(between 12 and 22 times the present atmospheric reservoir; [4]). There 
is no consensus about the interpretation of the LJE. It could indicate a 
global event or a series of coastal, shallow water events [45–48] that 
lasted approximately 100 to 250 Ma, from 2.3 to 2.0 billion years ago 
[46]. Using standard atmospheric models [3,4,45], the magnitude of 
δ13C enrichment at the LJE would imply that O2 rose from zero pre-GOE 
to levels greatly exceeding the value of 21 % (v/v) in today’s atmo
sphere. There are, however, reasons to doubt that standard atmospheric 
models apply to the LJE, leaving the cause and impact of the δ13C 
anomaly during the LJE, in terms of O2 levels, an open question [48].

Following the LJE, δ13C values fall to levels indicating roughly 1–10 
% of present atmospheric O2 levels (PAL) for almost 2 billion years until 
the appearance of land plants [49–51]. Geochemists debate the reasons 
for that continued phase of low oxygen [52–57], but the simplest 
explanation is biological, and enzymatic, in that nitrogenase is inhibited 
by O2, and that inhibition limits cyanobacterial growth and O2 pro
duction, on a global scale, until O2 production by land plants set in ~500 
MY ago [16,58–61]. During that time, oxygen reductases arose and 
spread, also into the eukaryotic lineage via the origin of mitochondria 

[60,62,63].
On the modern Earth, O2 consumption by oxygen reductases roughly 

equals O2 production [64,65]. Without biological O2 consumption 
through respiratory terminal oxidases, O2 would rise to levels that 
promote spontaneous combustion in forests. There are four basic types 
of oxygen reductases that maintain O2 at 21 % v/v including the cyto
chrome bd-type oxygen reductases (bd), the heme-copper oxygen re
ductases (HCO), the alternative oxygen reductases (AOX) and the 
plastoquinol terminal oxidase (PTOX) (Fig. 1c) [40–42,66–70]. The bd-, 
HCO- types of reductases are known to be highly affected by LGT even 
between domains (Bacteria and Archaea) and thus are distributed over a 
wide range of prokaryotes [16,40,41,66,68–71]. The alternative oxygen 
reductases (AOX) are present in eukaryotes and in marine bacteria 
[68,72] while PTOX can only be found in photosynthetic organisms 
including higher plants, alga, diatoms and Cyanobacteria [72–74]. AOX 
and PTOX are membrane bound quinol reductases but have no role in 
energy conservation, solely serving the function of maintaining redox 
balance and avoidance of over reduced quinol pool in the bioenergetic 
membrane instead [75–77]. The bd-type and HCO oxygen reductases 
conserve energy in the form of proton gradients [40,41] and are likely 
no older than the GOE [42], having arisen in oxic environments [16]. 
The HCO family includes the nitric oxide (NO) reductases, which are 
evolutionarily derived from O2 oxidase ancestors [40,41,66,68,69,78].

The timing of oxygen reductase origin is an unresolved issue, though 
the oxygen affinity of bd-type, HCO and AOX reductases suggest a 
sequence of order in their evolution: While bd-type oxidases have high 
oxygen affinity, typically occurring in environments with low O2-levels, 
the affinity of HCO and AOX and PTOX oxygen is low, requiring O2-rich 
environments for activity [79,80]. Here we investigate the timing of 
oxygen reductase origin and their spread across prokaryotic lineages by 
mapping their distributions across time-calibrated phylogenetic trees 
[81]. Our approach presents a radical departure from previous studies in 
that (i) we accept the date of the GOE as the earliest possible time of 
oxygen reductase origin and function, (ii) we accept the existence of LGT 
in oxygen reductase evolution, and (iii) we use a non-controversial 
molecular dating scheme for prokaryotic evolution that was generated 
by third parties and not for the purpose of dating oxygen reductase 
evolution. The findings highlight physiology surrounding the GOE and 
uncover a biological model that can account in a surprisingly direct 
manner for the δ13C isotope anomaly at Lomagundi-Jatuli excursion as 
the product of a single cyanobacterial enzyme.

2. Methods

2.1. Prokaryotic time tree

The prokaryotic dated tree of life was obtained from Mahendrarajah 
et al. [81]. It comprises 863 strains including 350 bacterial, 350 archaeal 
and 163 eukaryotic genomes.

2.2. Balanced prokaryotic RefSeq dataset

The prokaryotic sequences were downloaded from the Reference 
Sequence Database (RefSeq) release 223 in May 2024 from the National 
Center for Biotechnology Information (NCBI; [82]) including 41,210 
prokaryotic genomes. To avoid any phylogenetic bias, a balanced sam
ple was generated using the biggest archaeal genome per species and the 
biggest bacterial genome per family. Additionally, 11 genomes with less 
than 1000 proteins were filtered out and 9 genomes from organisms that 
have no cytochromes and which were found by Rosenbaum and Müller 
[83] were added. In total, the balanced dataset comprises 953 genomes 
including 552 bacterial and 401 archaeal genomes.

2.3. Oxygen reductases proteins

The set of 265 bd-type oxygen reductase sequences were obtained 
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from Murali et al. [40]. From Murali et al. [41] 35,352 heme‑copper 
oxygen reductase proteins were downloaded. A set of group-specific 
consensus sequences for alternative oxygen reductase proteins were 
downloaded from Weaver & McDonald [84] including 21 sequences of 

eukaryotic and prokaryotic groups. The plastoquinol terminal oxidase 
was taken form species Anabaena cylindrica with the accession number 
AFZ5900.1, downloaded from NCBI in December 2024.
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Fig. 1. Components of the respiratory chain and different types of oxygen reductases. A) components of the classical respiratory chain and b) alternative 
complexes of the respiratory chain. In c) different types of oxygen reductases are shown including the caa3 oxidase (HCO), the nitric oxide reductase cNOR (HCO), 
the bo3 oxidase (HCO) and the alternative oxidase (AOX).
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2.4. Heme biosynthesis and cytochrome b protein sequences

The heme biosynthesis proteins for the protoporphyrin pathway 
were downloaded from RefSeq Release 227 (NCBI, [82]). The proto
porphyrinogen oxidase (PgoX) was obtained from the species Staphylo
coccus aureus and all other protoporphyrin pathway proteins were 
obtained from species Klebsiella Pneumniae. The coproporphyrin 
pathway proteins were all from Staphylococcus aureus and the proteins 
from the siroheme pathway proteins were from Methanosarcina barkeri.

The cytochrome b proteins corresponding to the HdrDE complex 
from Methanosarcina barkeri were downloaded from RefSeq Release 227 
(NCBI, [82]). As no complete sequences for the proteins of the VhtACG 
complex could be downloaded from RefSeq, we used hmmer profiles 
from InterPro [85].

2.5. Presence and absence of oxygen reductase proteins within a dated 
tree of life

The 265 proteins from bd-type oxygen reductase, the 35,352 hem
e‑copper oxygen reductase proteins, the 21 alternative oxygen reductase 
proteins and the plastoquinol terminal oxidase sequence [40,41,84] 
were blasted against the balanced prokaryotic RefSeq dataset using 
Diamond version 2.1.8 [86]. Hits with an e-value ≤10E-10 and local 
identity ≥25 % were retained and cross-checked by protein annotation. 
Taxa corresponding to strains present in the remaining hits were colored 
in the dated tree of life using Interactive Tree of Life (iTOL v6, [87]) and 
the most ancient possible gene origins were calculated based on the sum 
of branch length of the deepest colored nodes in the dated tree of life. For 
phylogenetic tree analysis python ETE3 [88] was used.

2.6. Presence and absence of heme biosynthesis and cytochrome b 
proteins in Methanogens and Halophiles

All heme biosynthesis proteins and proteins of the HdrDE complex 
including cytochrome b were blasted against the genomes of Meth
anobacteria, Methanococci, Methanopyri, Methanomicrobia, Meth
anoliparia, Methanonatronarchaeia, Archaeoglobi, Thermoproteota and 
Halobacteria using Diamond version 2.18 [86]. Hits with an e-value 
≤10E-10 and local identity ≥25 % were retained and cross-checked by 
protein annotation. The resulting best hits per protein were used as a 
proxy for presence or absence within the genome.

HMMER profiles of the VhtACG complex were searched against the 
genomes of Methanobacteria, Methanococci, Methanopyri, Meth
anomicrobia, Methanoliparia, Methanonatronarchaeia, Archaeoglobi, 
Thermoproteota and Halobacteria using HMMER version 3.3.2 (hmmer. 
org). Only hits with an e-value ≤10E-10 were retained and cross-checked 
by protein annotation. The best scoring hit per genome was used to infer 
presence or absence within the genome.

2.7. Monophyly of possible origin groups within oxygen reductase protein 
trees

Best blast hits per RefSeq genome were defined from the hits 
generated by the Diamond blastp search between reductase proteins and 
balanced RefSeq dataset for each oxygen reductase (see Taxonomic 
annotation of oxygen reductase proteins). From these, multiple align
ments were made using MAFFT linsi v7.505 [89] and phylogenetic trees 
were generated using RAxML version 8.2.12 [90] under the PROT
CATWAG model. Groups of taxa corresponding to the most ancient 
possible gene origins were colored within the protein trees and mono
phyly of these groups were checked using python ETE3 and iTOL v6 
[87,88]. Lateral gene transfer events per group and oxygen terminal 
oxidase were calculated by subtracting one from the number of clades 
present in the protein tree since one clade has to be the origin and all 
others are LGTs. To obtain a number of LGT events per terminal oxy
genase the values for every group were summed up.

2.8. Statistical tests

Kernel density estimations were made for the distributions of origins 
of bd-type, HCO and AOX reductases. All statistical tests were performed 
using python. Kolmogorov-Smirnov test was used to compare the dis
tribution of origin ages.

3. Results

3.1. Occurrence of oxygen reductases across prokaryotes

To date the four types of oxygen reductases we used the dated 
phylogenetic tree with geological time spans as branch lengths con
structed by Mahendrarajah et al. [81]. Based on diamond blastp [86] 
searches between protein sequences of bd [40], HCO [41], AOX [84] and 
PTOX reductases and a balanced prokaryotic genome dataset, we 
colored leaves and corresponding clades of taxa with bd, HCO or AOX 
and PTOX reductases sequences in the phylogenetic time tree (Figs. 2–3, 
Supplemental Figure 3). Leaves and clades corresponding to eukaryotes 
are colored in light gray since they were not part of the analysis, as well 
as taxa that were not present in the balanced prokaryotic dataset and 
therefore cannot be hit by our blast, as these taxa mainly correspond to 
metagenomic assemblies (MAGs) that are not represented in our 
balanced prokaryotic dataset.

Cytochrome bd reductases are common in Actinomycetota, Bacilli, 
Pseudomonadota and Halobacteria and less abundant in Chlorobiota, 
Clostridia, Fusobacteriota, Spirochaetota Mycoplasmatota, Nitro
sosphaerota, Thermococci and Thermotogota (Fig. 2). This distribution 
is consistent with previous studies [40,66], with the exception of the 
occurrence of bd in Thermotogota, where it is however only present in 
one of the five possible strains (Supplemental Table 1).

HCO reductases are more common in the current data than bd oxi
dases or alternative oxidases (AOX and PTOX). They are distributed 
across almost all taxonomic groups except for smaller archaeal and 
bacterial groups including Heimdallarchaeota, Korarchaeota, Nano
haloarchaeota, Aenigmarchaeota, Mycoplasmatota and Synergistota 
(taxonomy of NCBI as of January 2023). Additionally, we found isolated 
cases of blast hits for HCO proteins in methanogens, yet only in four 
strains of Methanomicrobia and one of Methanonatronarchaeia (Fig. 3, 
Supplemental Table 1). Because (i) all HCOs contain heme and (ii) 
methanogens are not able to synthesize heme except of some species 
corresponding to Methanosarcinales, for example Methanosarcina bar
keri [41,91], we performed Diamond blastp searches of heme biosyn
thesis proteins against methanogens and Halobacteria, to see whether 
the presence of HCO reductases in Methanomicrobia and Methanona
tronarchaeia could be chance similarity or the result of an LGT that does 
not generate a functional protein (that is, a component of the accessory 
genome). Among methanogens, only strains of Methanosarcinales 
encoded a full heme biosynthesis pathway (Supplemental Fig. 1), 96 % 
of strains of Methanosarcinales in our dataset encoded the three key 
proteins for the alternative siroheme pathway (Supplemental Table 2). 
Additionally, we checked whether the sampled methanogens possess the 
VhtACG and HdrDE protein complexes, which are involved in energy 
conservation of species of Methanosarcinales and are known to contain 
cytochrome b [92,93]. The complete VhtACG and HdrDE protein com
plexes were only present in some strains of Methanosarcinales and 
Methanonatronarchaea (Supplemental Fig. 2). However, the VhtC pro
tein, which includes cytochrome b, is also present in Halobacteria, 
Archaeoglobi, Thermoproteota and Methanocellales. The other 
cytochrome-containing protein HdrE was only detected in Meth
anosarcinales (all), one strain of Methanomicrobiales, and the lone 
Methanonatronarchaeal strain. Based on the absence of heme biosyn
thesis cytochrome b containing protein complexes VhtACG and HdrDE, 
the occurrence of a putative HCO in the Methanotrichales strain of 
Methanomicrobia is probably attributable to sequence similarity to 
other oxidases. Although all methanogens known are strict anaerobes, 

K. Trost et al.                                                                                                                                                                                                                                    BBA - Bioenergetics 1867 (2026) 149575 

4 

http://hmmer.org
http://hmmer.org


HCO reductases can in principle be present in the three remaining 
Methanosarcinales strains, though we found no reports of their possible 
expression or function. Outside the methanogens, HCO reductases are 
otherwise well known to be present throughout the tree of life, with 
involvement in both aerobic and anaerobic respiration [41,78,79,94].

Alternative oxidases including AOX, an additional terminal oxidase 
in mitochondrial electron transport, and PTOX, the plastoquinol termi
nal oxidase which is the relative enzyme of the photosynthetic electron 
transport chain [95] are less common in prokaryotes [68,74,84,96]. 
Consistent with previous analyses, we found AOX reductases only in 
Pseudomonadota, specifically Alpha-, Beta- and Gammaproteobacteria 

(Supplemental Fig. 3; [68,84,96]) and PTOX sequences in Cyano
bacteriota (Supplemental Fig. 3; [74]). One AOX sequence was also 
found in Cyanobacterium Picosynechococcus, but as this is likely to 
reflect sequence similarity between AOX and PTOX [74], we excluded 
this genome for further analysis with AOX.

3.2. Timing the origins and spread of oxygen reductases

To estimate the time of origin for each oxygen reductase, we used the 
deepest node for each colored clade and calculated the age of the 
possible origin by summing up the branch lengths. This conservatively 

Fig. 2. Occurrence of bd-type oxygen reductase in a dated tree of life. Branches in the dated tree of life obtained from Mahendrarajah et al. [81] are colored 
according to the presence (turquoise) or absence (gray) of bd-type oxygen reductase. Eukaryotes were not included in the analysis and are therefore colored in higher 
gray tones, as are taxa that were not present in the comparative dataset. Dark blue dots at nodes represent possible origins of bd-type oxygen reductase. Purple bars 
represent the percentage of strains within the taxa that have reductases. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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delivers a maximum age for the respective reductases in each clade. For 
bd oxygen reductase we identified 41 possible origins (independent 
clades) and for HCO 33 possible origins. The AOX and PTOX reductases 
are the least frequently distributed across the prokaryotic time tree, 
reflecting only two possible origins for AOX and one origin for PTOX 
(Supplemental Table 1). The timing of the (earliest) origin of bd oxidases 
and members of the HCO family within a given prokaryotic clade can, 
with many caveats, be read directly off the timed tree generated by 
Mahendrarajah et al. [81]. We plotted the distribution of ages for each 
possible origin on a geological timespan (Fig. 4 and Supplemental 
Fig. 4). For each distribution except of PTOX (due to the sample size of 
one) we calculated a Kernel Density Estimation (KDE) to estimate the 
probability distribution of ages of origins over the entire time period.

What does the age of a bd clade or an HCO clade indicate? The bd 
oxidases are all related in sequence, structure and function, they descend 
from a single common ancestor. We observe, for example, 41 clades of 
prokaryotes that harbor bd oxidase genes. At the one extreme, these 41 
clades could be the result of a single bd oxidase gene origin in the 
common ancestor of bacteria and archaea followed by differential loss. 
This kind of strictly vertical reasoning places all proteins present in some 
bacteria and some archaea in the last universal common ancestor LUCA. 
It would place the age of bd oxidases at roughly 4 billion years and entail 
their persistent presence, without oxygen, throughout diverse basal 
branches in the tree for at least 1.8 billion years, up until the GOE. This 
kind of “no LGT” scenario calls for geological sources of sustained O2 
production prior to the GOE—controversial sources [12–14,18]—that 
are however not documented in the geological record, because the first 

uncontested appearance of biologically useful (respirable) amounts O2 
on Earth is the GOE. A “no LGT” model also calls for explanation of why 
other studies find evidence for substantial amounts of LGT in the evo
lution of bd oxidases and all other prokaryotic genes [40,42,66,84,97].

The other extreme is that only one lineage among the 41 bd con
taining clades invented bd oxidases and that all other 40 clades are the 
result of subsequent lateral transfers from the original inventing clade or 
from secondary spread. That would entail a great deal of LGT in bd 
oxidase evolution, consistent with recent studies [16]. It would mean 
that the first origin of bd oxidases occurred roughly 2.5 billion years ago 
(the oldest bd origin in the tree, in Actinomycetota), and very close to the 
GOE (2.4 Ga), within the limits of accuracy on the Mahendrarajah et al. 
[81] tree. It would entail no requirements for the existence of respirable 
oxygen prior to the GOE. In fact, this extreme (one origin, 40 LGTs) fits 
the observations from gene evolution and a straight reading of the 
geochemical record well, with no need for corollaries.

The ages of the 41 bd origins are distributed between 2500 and 510 
Ma ago with only one origin before the time of the GOE (Fig. 4, Sup
plemental Table 1). Since, for the purposes of this paper, we posit that 
there was no oxygen before the GOE [15,16], the possible origins before 
the GOE contributing to Actinomycetota (age origin Actinomycetota =
2501 Ma) is likely a result from LGT into the Actinomycetota lineage. All 
other possible origins are distributed at timespans after the GOE with 
Cyanobacteriota having the oldest origin (the age of Cyanobacteriota is 
2325 Ma in the calibration of Mahendrarajah et al. [81]) with Archae
oglobi (623 Ma), Thermococci (512 Ma) and Chlorobiota (510 Ma) (see 
Supplemental Table 1 for a list). The KDE for bd shows a peak of origins 

Fig. 3. Occurrence of HCO oxygen reductase in a dated tree of life. Branches in the dated tree of life obtained from Mahendrarajah et al. [81] are colored 
according to the presence (yellow) or absence (gray) of HCO oxygen reductase. Eukaryotes were not included in the analysis and are therefore colored in higher gray 
tones, as are taxa that were not present in the comparative dataset. Brown dots at nodes represent possible origins of HCO oxygen reductase. Purple bars represent the 
percentage of strains within the taxa that have reductases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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around 1600–1700 Ma which indicates a large number of bd oxidase 
origins in different lineages (spread via LGT) during this time span 
(Fig. 4). In comparison, the average age of bd origins is 1430 Ma, slightly 
lower than the peak around 1600–1700 Ma (Supplemental Table 3). Due 
to LGT, many origins of smaller taxonomic groups could affect the 
average age of origins and thus easily distort it to a lower average age. 
Still, the peak at 1600–1700 Ma is within the range of average origin age 
± one standard deviation (STD, Supplemental Table 3).

The distribution of ages of HCO reductase origins is similar to that of 
bd-type reductases (Kolmogorov-Smirnov Statistic = 0.111, P = 0.945). 
HCO origins are distributed between 512 and 2593 Ma with two possible 
origins before the GOE (Fig. 4, Supplemental Table 1). These two origins 
correspond to the taxa Deinococcota, Thermotogota (age = 2593 Ma) 
and Actinomycetota (age = 2501 Ma). After that, the next origin is 
located in Beta-, Gamma- and Zetaproteobacteria (age = 2477; Sup
plemental Table 1) which is consistent with a previous study, suggesting 
that HCO may originate in basal lineages of Pseudomonadota [98]. Taxa 
including late possible origins for HCO reductase are Chlamydiota, 
Archaeoglobi and Thermococci (age origin Chlamydiota = 790 Ma, age 
origin Archaeoglobi = 623 Ma, age origin Thermococci = 512 Ma; 
Supplemental Table 1). The KDE has a peak of origin frequency at 
1700–1800 Ma, as for bd-type reductases, and a second peak around 
1000 Ma (Fig. 4). The average age of all HCO origins is at 1523 Ma, again 
slightly lower as the peak within the KDE. Noticeable for both distri
butions and KDEs of bd-type and HCO reductases is that the origins only 
occur within the timespan of the Pasteurian billion (also called the 
boring billion [50,99,100], between 1800 and 800 Ma. Thus, the data 
indicate that oxygen reductases arose and were spread across pro
karyotes (i) after the GOE and (ii) during the time period of low oxygen 
in Earth history (the Pasteurian billion). Similar results were found for 
AOX and PTOX (Supplemental Figs. 3–4, Supplemental Table 1).

3.3. Oxygen reductases are strongly affected by LGT

Because bd-type and HCO oxygen reductases are known to be subject 
to frequent transfer by LGT, we tested whether our sample produces 
similar results as previous studies [40,41,66,68,69,71]. For each 
reductase we generated a protein tree based on the best blast hits from 

the balanced RefSeq dataset. The leaves of the protein trees are colored 
according to their affiliation to groups, representing possible origins in 
the time tree and were checked whether they are monophyletic or not 
(Fig. 5, Supplemental Table 4). Reductases were defined as highly 
affected by LGT if the groups were mainly represented by several clades 
in the protein tree. In bd-type and HCO reductase protein trees, the 
groups per possible origin are widely spread and usually not mono
phyletic (Fig. 5a-b). Only three groups are monophyletic in the bd-type 
protein tree including Aenigmarchaeota, Thermococci and Chlamydiota 
(Fig. 5a, Supplemental Table 4). The HCO reductase protein tree has 
only one monophyletic group corresponding to the taxon Thermococci 
(Fig. 5b, Supplemental Table 4), which however contains a maximum of 
five strains, permitting no strong inference about monophyly.

Despite the small number of genomes and groups in the AOX protein 
tree, no monophyletic group is found (Fig. 5c). This suggests that the 
AOX reductase is also transferred via LGT in prokaryotes. However, the 
transfer of genes is restricted to Pseudomonadota. PTOX reductase do 
not seem to be affected by LGT. They are found only in Cyanobacteriota, 
making the protein tree a single monophyletic group (Fig. 5d). The 
current sample and analysis confirms previous reports for the massive 
role of LGT in the evolution of bd-type, HCO and AOX oxygen reductases 
[40,41,66,68,69]. One origin and 40 subsequent transfers for bd oxi
dases and one origin plus 32 transfers for HCOs inferred from the species 
trees (Figs. 2, 3) might seem like a large amount of LGT for oxygen re
ductases, but the number of transfers inferred from the enzyme phy
logenies themselves (Fig. 5.ab) are 124 and 121 respectively, vastly 
exceeding the bare minimum of 40 (bd) or 32 (HCO) transfers needed to 
account for the lineage distribution of the enzymes.

4. Discussion

There is widespread agreement that the Great Oxidation Event (GOE) 
marked the persistent accumulation of O2 in Earth’s atmosphere, as 
documented by several lines of geologic evidence [1,36]. In particular, 
the onset of the GOE is temporally constrained to ca. 2.32–2.22 based on 
the irreversible disappearance of mass-independently fractionated sul
fur isotopes from the sedimentary record [101–103], interpreted as 
signaling a rise in atmospheric O2 > 10− 6 of present atmospheric levels 

Fig. 4. Distribution of ages per group on geological timescale. Distribution of ages per possible origin (group) within the dated tree of life for the bd-type 
(turquoise) and HCO (yellow) oxygen reductases. The age [Ma] per group is shown on the x-axis and the corresponding kernel density function (KDE) is placed 
over the corresponding distribution. The distributions of AOX and PTOX can be found in Supplementary Fig. 4. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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(PAL) [36]. While oxygenic photosynthesis necessarily evolved prior to 
the GOE, the oldest body fossils interpreted as Cyanobacteria only 
appear ca. 1.9 Ga [104], leaving geochemical reduction-oxidation 
(redox) proxies as the primary tools for resolving when environmental 
O2 – and, by extension, oxygenic phototrophs – first appeared in Earth’s 
surface environment [1].

Numerous geochemical studies reporting the concentrations of redox 
sensitive metal concentrations and metal isotope ratios of sedimentary 
rocks have inferred that oxygenic photosynthesis predated the GOE by 
up to ca. 600 million years [29,105–107]. Geochemical and 

mineralogical data associated with the morphology of lacustrine stro
matolites have also been used as evidence for oxygenic photosynthesis 
by ca. 2.7 Ga [108,109]. The conclusion that oxygenic photosynthesis 
significantly predated the GOE has inspired numerous efforts to explain 
how photosynthetic O2 production could have operated on Earth for 
hundreds of millions of years without oxygenating the atmosphere 
[110]. The proposed mechanisms vary, but tend to emphasize either 
enhanced O2 sinks, such as O2-consuming reactions with marine and 
atmospheric reductants [2,36], or diminished O2 sources, namely 
extrinsic or intrinsic caps on cyanobacterial primary production, from 

Fig. 5. Size and included taxa of groups within the protein trees of bd-type, HCO, AOX and PTOX oxygen reductase. The leaves of the protein trees for bd-type 
(a), HCO (b), AOX (c) and PTOX (d) oxygen reductases are colored based on their affiliation to groups, found in the dated tree of life. The sizes of the colored strokes 
represent the number of strains present in the group. The corresponding taxa included in every group are shown in the right bottom box. *FCB group includes 
Bacteroidota, Balneolota, Chlorobiota, Rhodothermota and *Methanobacteriota includes Methanomicrobia, Methanonatronarchaeia, Halobacteria
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phosphorus limitation [111], Fe2+ toxicity [112], nitrogenase inhibition 
by O2 pre-GOE [113], to low metabolic efficiencies [114]. Despite the 
ever-growing list of these proposed mechanisms, no clear consensus 
exists on which one (or combination) of these—if any— actually works 
as an explanatory platform for advocating for an early origin of oxygenic 
photosynthesis relative to the GOE.

Although a minority view [36], the simplest explanation for why the 
GOE happened when it did and not earlier is that oxygenic photosyn
thesis originated in cyanobacteria only shortly before the GOE [1], and 
that the rapid rise in O2 at the GOE simply reflects the rapid (initially 
exponential) growth of cyanobacteria subsequent to their origin [59]. 
Collectively, geochemical evidence for free O2 before the GOE has been 
criticized as reflecting post-depositional alteration with oxic waters 
[9,30], and as involving light-driven redox reactions that occurred in the 
absence of free O2 [37,39]. Other geochemical evidence from shallow- 
water banded iron formations has been used to argue that the marine 
surface and atmosphere contained <10− 6 PAL O2 ca. 2.45 Ga, implying 
that oxygenic photosynthesis had not yet evolved by this time [115]. 
According to a simple box model, photosynthetic oxygen production 
could have potentially overwhelmed atmospheric and marine O2-sinks 
(e.g., atmospheric H2 and marine Fe2+) within ca. 100,000 years of its 
origin [116].

Together, the idea that oxygenic photosynthesis originated only 
shortly before the GOE arguably represents the simplest and most 
straightforward reading of the geologic record in the absence of 1) un
equivocal evidence for free O2 (and oxygenic phototrophs) prior to the 
GOE, and 2) a satisfying explanation for how photosynthetic O2 pro
duction could have operated for over a half-billion years with oxygen
ating the atmosphere.

Many reports infer the presence of oxygen in earth history from 
molecular phylogenetic studies [13,19–23], starting with the early study 
by [117]. Inferences of oxygen in Earth history from gene trees remain 
contentious because the use of molecular clocks is inapplicable if the 
gene in question has been affected by lateral gene transfer. All pro
karyotic genes have been affected by LGT [26], in particular genes 
involved in oxygen metabolism [16]. In a molecular clock study, LGT 
systematically pushes the age of the gene in question artefactually deep, 
towards the root of the tree. Here we have taken the converse approach 
in that we allow LGT freely, we use geochemical evidence for the global 
appearence of oxygen at the GOE as a calibration point for the age of 
oxygen-dependent respiration, and we plot the appearance of oxygen 
reductases on a phylogenetic tree constructed from the ATP synthase, a 
largely vertically inherited gene [81]. The tree that we have used for 
plotting oxygen reductases was constructed by others as a general 
timeline reference for prokaryotic evolution, independent of oxygen 
reductase evolution.

As outlined before, there are isolated reports that trace amounts of 
oxygen might be synthesized from various reactions prior to the GOE, 
but these reports are controversial and do not mesh with the evidence 
for the existence of the GOE [12–16,18]. There are also claims for the 
occurrence of whiffs of oxygen prior to the GOE [7,8], but the samples in 
question could have been oxidized post-sedimentation [9], a finding that 
was rebutted [10] with rebuttal [11] in return. Our reading of the 
geochemical record is consent with the conservative and straightfor
ward interpretation that the GOE represents the first global appearance 
of oxygen in Earth history [1,9,102]. We thus interpret the GOE as the 
earliest time point at which functional O2 reductases could have arisen. 
We also assume that LGT occurred freely in the evolution of oxygen 
reductase genes, consistent with earlier studies [40–42,66,68,69,97] 
and with the trees of oxygen reductases presented here (Fig. 5). With 
these simple premises, we find that bd oxidase and HCO gene evolution 
fit more or less perfectly with an origin of oxygen reductases at the GOE, 
followed by subsequent transfers to different lineages throughout the 
low oxygen phase of evolution called the Pasteurian billion, because 
Earth’s atmospheric O2 content was close to the Pasteur point (the O2 
concentration at which facultative anaerobes switch to O2 respiration) 

during that time (Fig. 4). The present data do not indicate which lineage 
invented bd oxidases (or HCO), but given the number of subsequent 
transfers involved, the identity of the bd- and HCO-inventing lineages 
does not impact our findings.

One could argue that Cyanobacteria were the first organisms to 
evolve oxygen reductases, because they were the first to be confronted 
with O2, namely that produced by water-splitting photosynthesis [71]. 
However, O2 diffuses out of the cyanobacterial cell faster than it is 
produced, such that the O2 concentration in cyanobacterial cells 
generated by de novo O2 production is 0.25 μM to 0.025 μM [118]. The 
O2 from endogenous production is thus roughly 1000 fold lower than 
modern concentrations, and well within the Km range of bd and HCO 
enzymes (10 nM to 10 μM, [79]), and sufficient to support the origin of 
oxygen reductases in cells other than cyanobacteria in Earths’ gradually 
oxygen-accruing environment. As a result, oxygen reductases could have 
arisen, in principle, in any heme-producing lineage with a preexisting 
anaerobic respiratory chain.

Prior to the GOE, Earth was inhabited by anaerobes [119]. O2 is 
inhibitory for many anaerobes in that it is a stable diradical that can, 
however, readily accept single electrons from one-electron donors such 
as quinols, flavins and in particular FeS clusters to generate the O2

•– 

superoxide radical, a highly reactive oxidant and toxic reactive oxygen 
species (ROS) [61,120–122]. While flavins, quinols and other cofactors 
including thiamin [123] generate toxic ROS, they remain active as co
factors upon contact with O2. By contrast, many FeS clusters undergo 
oxidative damage upon contact with O2, such that O2 inactivates en
zymes with surface accessible FeS clusters [61]. Note, however, that 
many FeS clusters are stable in the presence of O2, for example the eight 
FeS clusters in complex I of the mammalian respiratory chain [124]. It 
has been suggested that the initial function of oxygen reductases, 
especially bd-type oxidases, was to keep the cytosol free of O2 [125,126], 
yet for O2 detoxification, most cells possess dedicated, soluble oxygen- 
removing and ROS detoxification enzymes, including NADH oxidases 
and superoxide dismutases [16,19,121,127,128]. In the wake of the 
GOE, bd-type and HCO oxidases could assume their roles in energy 
conservation, functioning in aerobic respiration in some lineages, in 
denitrification in others, and in some cases, functioning in biosynthetic 
pathways [40–42,67].

4.1. The Lomagundi (or Lomagundi-Jatuli) excursion

An aspect of O2 history that has not been previously addressed by 
molecular studies is the Lomagundi excursion. More or less concomitant 
with the GOE, there is a 13C isotope anomaly in the geochemical record 
called the Lomagundi or Lomagundi-Jatuli excursion [3,48] that des
ignates a 13C enriched marine dissolved inorganic carbon (DIC) pool, 
which is the sum of dissolved CO2, HCO3

− and CO3
2− (Fig. 6). This in

crease in 13C in the DIC pool indicates increased primary production by 
oxygenic photosynthesizers, because Rubisco discriminates against 
13CO2, preferentially incorporating 12CO2 into biomass [129], leaving 
excess 13C in the atmosphere and hence in the DIC pool. Forests during 
the Carboniferous, for example, deposited CO2 as photosynthate that 
became rapidly buried and thus became our modern coal reserves, 
generating atmosphere O2 levels on the order of 150 % PAL, which is 
reflected in high 13C vaules in DIC of the Caboniferous. Today, photo
synthetic CO2 fixation and O2 respiration take place are roughly equal 
rates, such that atmospheric O2 levels are stable [64,65]. It is now 
agreed that the high 13C at the Lomagundi excursion need not reflect O2 
levels vastly exceeding the present value of 21 % v/v [48], but the causes 
for the appearance and disappearance of the Lomagundi are still 
debated. Very complicated, multifactorial whole-ecosystem models 
have been proposed as a cause of the LJE [130] but without identifi
cation of specific processes underlying the isotopic excursion. Recent 
studies have investigated the possibility that Rubisco 13C discrimination 
might have been higher in the ancient past [131,132] by investigating 
the discrimination properties of ancestral Rubisco enzymes, but the 
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measured effects were small, also in the presence atmospheres con
taining 2–5 % CO2, which likely existed around the time of the GOE 
[36]. Altered properties of ancient Rubisco enzymes are, in principle, a 
possible cause of the LJE, as are a number of other factors, as outlined by 
Prave [133].

We consider a sequence of simple processes with few variables at the 
origin of the LJE, as outlined in Fig. 7. Reading the geochemical record 
with Occam’s razor, there was no cyanobacterial O2 production prior to 
the GOE. With the origin of water-splitting photosynthesis, cyanobac
teria produced an atmosphere of roughly 2 % oxygen by the end of the 
LJE and the end of the GOE. There is no explanation in the geochemical 
record why oxygen stayed flat during the Pasteurian era and nothing 
existed that limited cyanobacterial growth. However oxygen accumu
lation ceased at ~2 % and did not exceed ~2 % because nitrogenase is 
inhibited by 2 % O2, and without nitrogenase, no net CO2 fixation 
(cyanobacterial cell synthesis) is possible [58,59].

Note that nitrogenase is not inhibited by endogenous O2 production, 
because O2 rapidly diffuses out of the oxygen-producing cell, such that 

endogenous O2 synthesis generates intracellular O2 levels of 0.25 μM to 
0.025 μM [118], 10 to 100 times lower than that required to inhibit 
nitrogenase [59]. In oxygenic photosynthesis, one CO2 is consumed for 
every O2 produced. The GOE would have consumed all CO2 contained in 
a 2 % CO2 atmosphere. Even with a modern Rubisco, that CO2 depletion 
would be expected to generate a very substantial alteration in the 13C 
isotope record reflecting high carbonate 13C simply as evidence of 
increased carbon burial [48,129]. If the atmosphere contained less than 
0.02 atm CO2 at the time of the LJE (Fig. 7) [36], the GOE (which 
generated 0.02 atm O2 in the atmosphere) would have essentially 
scrubbed the atmosphere free of CO2, bringing O2 production to a halt, 
which apparently did not happen (Fig. 7). A 5 % CO2 atmosphere would 
have been depleted in CO2 roughly by half.

One could argue that respiratory processes were replenishing at
mospheric CO2 levels as soon as carbon burial at the GOE commenced. 
But according to the age of oxygen reductases that we have estimated 
here, oxygen respiration had either not yet evolved at all at the GOE or 
had not yet become widespread among bacterial lineages (Fig. 4). In the 

Fig. 6. Atmospheric O2 and CO2 during the last 4 billion years in comparison to δ13C values including the Lomagundi-Jatuli excursion (LJE) and the Great 
oxidation event (GOE). Comparison of the evolution of δ13C values (dashed line, [3]), O2 values (blue line, [60]) and CO2 values (gray line, [36]) during the last 4 
billion years. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Model for the causes of Lomagundi-Jatuli excursion (LJE) in connection with the evolution of atmospheric gases as O2 and CO2.
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absence of bd oxidases or HCO in respiratory chains, anaerobic respi
rations could have returned some CO2 to the atmosphere. But by the 
measure of modern CO2 cycling, the contribution of anaerobic respira
tions (SO2, Fe3+) or fermentations would have been modest [64,65], 
because more than 99 % of biological CO2 production today comes from 
O2 respiration.

The end of the LJE is marked by a sharp spike of low 13C, suggesting, 
in standard models, rapid release to the DIC pool of sequestered 12C-rich 
organic material—derived from cells of the newly arisen cyanobacterial 
lineage in this model. We propose that this rapid release of sequestered 
organic carbon at the end of the LJE corresponds to the origin of bd and 
heme‑copper oxygen reductases and the respiration of a substantial 
portion of light carbon buried during the GOE. Oxygen levels did not 
react to the origin and spread of oxygen reductases because nitrogenases 
imposed an upper on O2-levels independent of oxygen consumption 
[58,59].

In this proposal, the LJE indicates a sharp increase in carbon burial at 
a level sufficient to generate a 13C enrichment in the marine DIC pool, 
but at no more than 2 % O2 in the atmosphere, because of nitrogenase 
inhibition. Furthermore, this proposal entails neither massive export of 
the greenhouse gas methane to the atmosphere [130], nor does it entail 
the formation of an ozone layer [130], which under standard models 
arose long after the GOE, about 600 MY ago [39,134]. Our model re
quires no attributes of oxygenic photosynthesis or cyanobacterial 
Rubisco that differ from modern. It does however require an atmo
spheric CO2 level (0.02 atm) sufficient to support the synthesis of 0.02 
atm of O2. Following the origin of oxygen reductases at the end of the 
LJE and the GOE, CO2 production through respiration and O2 produc
tion through cyanobacterial photosynthesis could have fallen into 
quantitative balance, as in the modern carbon cycle [64], but in an at
mosphere of constant ~2 % O2 for almost 2 billion years until the origin 
of land plants [49], because of nitrogenase inhibition [58,59] by O2.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbabio.2025.149575.
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[23] J. Jablońska, D.S. Tawfik, The evolution of oxygen-utilizing enzymes suggests 
early biosphere oxygenation, Nat. Ecol. Evol. 5 (2021) 422–448.

[24] F.E. Elling, et al., A novel quinone biosynthetic pathway illuminates the evolution 
of aerobic metabolism, Proc. Natl. Acad. Sci. USA 122 (2025) e2421994122.

[25] B. Schoepp-Cothenet, et al., Menaquinone as pool quinone in a purple bacterium, 
Proc. Natl. Acad. Sci. USA 106 (2009) 8549–8554.

[26] F.S.P. Nagies, et al., A spectrum of verticality across genes, PLoS Genet 16 (2020) 
e1009200. https://journals.plos.org/plosgenetics/article?id=10.1371/journal. 
pgen.1009200.

[27] A.M. Satkoski, et al., A redox-stratified ocean 3.2 billion years ago, Earth Planet. 
Sci. Lett. 430 (2015) 43–53.

[28] A.M. Satkoski, et al., Corrigendum to “A redox-stratified ocean 3.2 billion years 
ago” [Earth Planet. Sci. Lett. 430 (2015) 43–53], Earth Planet. Sci. Lett. 460 
(2017) 317–319.

[29] S.A. Crowe, et al., Atmospheric oxygenation three billion years ago, Nature 501 
(2013) 535–538.

[30] G. Albut, et al., Modern rather than Mesoarchaean oxidative weathering 
responsible for the heavy stable Cr isotopic signatures of the 2.95 Ga old Ijzermijn 
iron formation (South Africa), Geochim. Cosmochim. Acta 228 (2018) 157–189.

[31] J.J. Brocks, et al., Archean molecular fossils and the early rise of eukaryotes, 
Science 285 (1999) 1033–1036.

[32] B. Rasmussen, et al., Reassessing the first appearance of eukaryotes and 
cyanobacteria, Nature 455 (2008) 1101–1104.

[33] G.P. Fournier, et al., The Archean origin of oxygenic photosynthesis and extant 
cyanobacterial lineages, Proc. R. Soc. B 288 (2021) 20210675.

[34] J.W. Schopf, B.M. Packer, Early Archean (3.3-billion to 3.5-billion-year-old) 
microfossils from Warrawoona group, Australia, Science 237 (1987) 70–73.

[35] M.D. Brasier, et al., Questioning the evidence for earth’s oldest fossils, Nature 416 
(2002) 76–81.

[36] D.C. Catling, K.J. Zahnle, The Archean atmosphere, Sci. Adv. 6 (2020) eaax1420.

K. Trost et al.                                                                                                                                                                                                                                    BBA - Bioenergetics 1867 (2026) 149575 

11 

https://doi.org/10.1016/j.bbabio.2025.149575
https://doi.org/10.1016/j.bbabio.2025.149575
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0005
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0005
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0010
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0010
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0015
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0015
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0020
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0020
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0025
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0025
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0030
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0030
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0035
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0035
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0040
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0040
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0045
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0045
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0050
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0050
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0055
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0055
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0060
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0060
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0065
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0065
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0070
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0070
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0075
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0075
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0075
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0080
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0080
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0085
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0085
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0090
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0090
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0095
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0095
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0100
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0100
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0105
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0105
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0105
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0110
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0110
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0115
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0115
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0120
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0120
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0125
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0125
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1009200
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1009200
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0130
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0130
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0135
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0135
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0135
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0140
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0140
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0145
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0145
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0145
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0150
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0150
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0155
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0155
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0160
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0160
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0165
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0165
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0170
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0170
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0175


[37] M. Daye, et al., Light-driven anaerobic microbial oxidation of manganese, Nature 
576 (2019) 311–314.

[38] J.E. Johnson, et al., Manganese-oxidizing photosynthesis before the rise of 
cyanobacteria, Proc. Natl. Acad. Sci. USA 110 (2013) 11238–11243.

[39] W. Liu, et al., Anoxic photogeochemical oxidation of manganese carbonate yields 
manganese oxide, Proc. Natl. Acad. Sci. USA 117 (2020) 22698–22704.

[40] R. Murali, R.B. Gennis, J. Hemp, Evolution of the cytochrome bd oxygen 
reductase superfamily and the function of CydAA’ in Archaea, ISME J. 15 (2021) 
3534–3548.

[41] R. Murali, J. Hemp, R.B. Gennis, Evolution of quinol oxidation within the heme- 
copper oxidoreductase superfamily, Biochim. Biophys. Acta Bioenerg. 1863 
(2022) 148907.

[42] R.M. Soo, et al., On the origins of oxygenic photosynthesis and aerobic respiration 
in Cyanobacteria, Science 355 (2017) 1436–1440.

[43] A. Bekker, et al., Dating the rise of atmospheric oxygen, Nature 427 (2004) 
117–120.

[44] M. Schidlowski, R. Eichmann, C.E. Junge, Carbon isotope geochemistry of the 
Precambrian Lomagundi carbonate province, Rhodesia, Geochim. Cosmochim. 
Acta 40 (1976) 449–455.

[45] A. Bekker, H.D. Holland, Oxygen overshoot and recovery during the early 
Paleoproterozoic, Earth Planet. Sci. Lett. 317-318 (2012) 295–304.

[46] M.S.W. Hodgskiss, P.W. Crockford, A.V. Turchyn, Deconstructing the Lomagundi- 
Jatuli carbon isotope excursion, Annu. Rev. Earth Planet. Sci. 51 (2023) 301–330.

[47] K.B. Mayika, et al., The Paleoproterozoic Francevillian succession of Gabon and 
the Lomagundi-Jatuli event, Geology 48 (2020) 1099–1104.

[48] A.R. Prave, et al., The grandest of them all: the Lomagundi-Jatuli event and 
earth’s oxygenation, J. Geol. Soc. Lond. 179 (2022) jgs2021-036.

[49] T.M. Lenton, et al., Earliest land plants created modern levels of atmospheric 
oxygen, Proc. Natl. Acad. Sci. USA 113 (2016), 9704–0709.

[50] I. Mukherjee, et al., The boring billion, a slingshot for complex life on earth, Sci. 
Rep. 8 (2018) 4432.

[51] D.A. Stolper, C.B. Keller, A record of deep-ocean dissolved O2 from the oxidation 
state of iron in submarine basalts, Nature 553 (2018) 323–327.

[52] L.J. Alcott, B.J. Mulls, S.W. Poulton, Stepwise earth oxygenation is an inherent 
property of global biogeochemical cycling, Science 366 (2019) 1333–1337.

[53] A.D. Anbar, A.H. Knoll, Proterozoic Ocean chemistry and evolution: a 
bioinorganic bridge? Science 297 (2002) 1137–1142.

[54] G.L. Arnold, et al., Molybdenum isotope evidence for widespread anoxia in mid- 
Proterozoic oceans, Science 203 (2004) 87–90.

[55] D.E. Canfield, A new model for Proterozoic Ocean chemistry, Nature 396 (1998) 
450–453.

[56] J.M. Klatt, et al., Possible link between earth’s rotation rate and oxygenation, Nat. 
Geosci. 7 (2021) 1–7.

[57] S.W. Poulton, P.W. Ralick, D.E. Canfield, The transition to a sulphidic ocean 
similar to ~ 1.84 billion years ago, Nature 431 (2004) 173–177.

[58] J.F. Allen, A proposal for formation of Archaean stromatolites before the advent 
of oxygenic photosynthesis, Front. Microbiol. 7 (2016) 1784.

[59] J.F. Allen, B. Thake, W.F. Martin, Nitrogenase inhibition limited oxygenation of 
earth’s Proterozoic atmosphere, Trends Plant Sci. 24 (2019) 1022–1031.

[60] D.B. Mills, et al., Eukaryogenesis and oxygen in earth history, Nat. Ecol. Evol. 6 
(2022) 520–532.

[61] N. Mrnjavac, et al., The radical impact of oxygen on prokaryotic evolution – 
enzyme inhibition first, uninhibited essential biosynthesis second, aerobic 
respiration third, FEBS Lett. 598 (2024) 1692–1714.

[62] P. John, F.R. Whatley, Paracoccus denitrificans and the evolutionary origin of the 
mitochondrion, Nature 254 (1975) 495–498.

[63] N. Lane, W. Martin, The energetics of genome complexity, Nature 467 (2010) 
929–934.

[64] P.A. del Giorgio, C.M. Duarte, Respiration in the open ocean, Nature 420 (2002) 
379–385.

[65] P. Van Cappellen, E.D. Ingall, Redox stabilization of the atmosphere and oceans 
by phosphorus-limited marine productivity, Science 271 (1996) 493–496.

[66] V.B. Borisov, et al., The cytochrome bd respiratory oxygen reductases, Biochim. 
Biophys. Acta 1807 (2011) 1398–1413.

[67] M. Kuntz, Plastid terminal oxidase and its biological significance, Planta 218 
(2004) 896–899.

[68] R. Pennisi, et al., Molecular evolution of alternative oxidase proteins: a 
phylogenetic and structure modeling approach, J. Mol. Evol. 82 (2016) 207–218.

[69] M.M. Pereira, M. Santane, M. Teixeira, A novel scenario for the evolution of 
haem-copper oxygen reductases, Biochim. Biophys. Acta 1505 (2001) 185–208.

[70] F.L. Sousa, et al., The superfamily of heme-copper oxygen reductases: types and 
evolutionary considerations, Biochim. Biophys. Acta 1817 (2012) 629–637.

[71] R.M. Soo, J. Hemp, P. Hugenholtz, Evolution of photosynthesis and aerobic 
respiration in the cyanobacteria, Free Radic. Biol. Med. 140 (2019) 200–205.

[72] A.E. McDonald., G.C. Vanlerberghe, Alternative oxidase and plastoquinol 
terminal oxidase in marine prokaryotes of the Sargasso Sea, Gene 11 (2005) 
15–24.

[73] A.E. McDonald, G. Vanlerberghe, Branched mitochondrial electron transport in 
the Animalia: presence of alternative oxidase in several animal phyla, IUBMB Life 
56 (2004) 333–341.

[74] A.E. McDonald, et al., Flexibility in photosynthetic electron transport: the 
physiological role of plastoquinol terminal oxidase (PTOX), Biochim. Biophys. 
Acta 1807 (2011) 054–967.

[75] J.F. Allen, Photosynthesis of ATP-electrons, proton pumps, rotors, and poise, Cell 
110 (2002) 273–276.

[76] Z. Jiang, et al., Mitochondrial AOX supports redox balance of photosynthetic 
electron transport, primary metabolite balance, and growth in Arabidopsis 
thaliana under high light, Int. J. Mol. Sci. 20 (2019) 3067.

[77] D. Wang, A. Fu, The plastid terminal oxidase is a key factor balancing the redox 
state of thylakoid membrane, Enzymes 40 (2016) 143–171.

[78] R. Murali, et al., Diversity and evolution of nitric oxide reduction in bacteria and 
archaea, Proc. Natl. Acad. Sci. USA 121 (2024) e2316422121.

[79] M. Degli Esposti, et al., Oxygen reductases in alphaproteobacterial genomes: 
physiological evolution form low to high oxygen environments, Front. Microbiol. 
20 (2019) 499.

[80] V. Sharma, M. Wikström, A structural and functional perspective on the evolution 
of the heme-copper oxidases, FEBS Lett. 588 (2014) 3787–3792.

[81] T.A. Mahendrarajah, et al., ATP synthase evolution on a cross-braced dated tree 
of life, Nat. Commun. 14 (2023) 7456.

[82] N.A. O’Leary, et al., Reference sequence (RefSeq) database at NCBI: current 
status, taxonomic expansion, and functional annotation, Nucleic Acids Res. 44 
(2016) D733–D745.

[83] F.P. Rosenbaum, V. Müller, Energy conservation under extreme energy limitation: 
the role of cytochromes and quinones in acetogenic bacteria, Extremophiles 25 
(2021) 413–424.

[84] R.J. Weaver, A.E. McDonald, Mitochondrial alternative oxidase across the tree of 
life: presence, absence, and putative cases of lateral gene transfer, Biochim. 
Biophys. Acta Bioenerg. 1864 (2023) 149003.

[85] M. Blum, et al., InterPro: the protein sequence classification resource in 2025, 
Nucleic Acids Res. 53 (2025) D444–D456.

[86] B. Buchfink, C. Xie, D.H. Huson, Fast and sensitive protein alignment using 
DIAMOND, Nat. Methods 12 (2015) 59–60.

[87] I. Letunic, P. Bork, Interactive tree of life (iTOL) v6: recent updates to the 
phylogenetic tree display and annotation tool, Nucleic Acids Res. 52 (2024) 
W78–W83.

[88] J. Huerta-Cepas, F. Serra, P. Bork, ETE 3: reconstruction, analysis, and 
visualization of Phylogenomic data, Mol. Biol. Evol. 33 (2016) 1635–1638.

[89] K. Katoh, et al., MAFFT: a novel method for rapid multiple sequence alignment 
based on fast Fourier transform, Nucleic Acids Res. 30 (2002) 3059–3066.

[90] A. Stamatakis, RAxML version 8: a tool for phylogenetic analysis and post- 
analysis of large phylogenies, Bioinformatics 30 (2014) 1312–1313.

[91] C. Johnson, et al., Pathways of iron and sulfur acquisition, cofactor assembly, 
destination, and storage in diverse archaeal methanogens and alkanotrophs, 
J. Bacteriol. 203 (2021) e0011721.

[92] Y. Ou, et al., Expanding the phylogenetic distribution of cytochrome b-containing 
methanogenic archaea sheds light on the evolution of methanogenesis, ISME J. 16 
(2022) 2373–2387.

[93] R.K. Thauer, et al., Methanogenic archaea: ecologically relevant differences in 
energy conservation, Nat. Rev. Microbiol. 6 (2008) 579–591.

[94] J. Hemp, R.B. Gennis, Diversity of the heme-copper superfamily in archaea: 
insights from genomics and structural modeling, Results Probl. Cell Differ. 45 
(2008) 1–31.

[95] D. Wu, et al., The IMMUTANS variegation locus of Arabidopsis defines a 
mitochondrial alternative oxidase homolog that functions during early 
chloroplast biogenesis, Plant Cell 11 (1999) 43–55.

[96] M.S. Albury, C. Elliott, A.L. Moore, Towards a structural elucidation of the 
alternative oxidase in plants, Physiol. Plant. 137 (2009) 316–327.

[97] S. Nelson-Sathi, et al., Acquisition of 1,000 eubacterial genes physiologically 
transformed a methanogen at the origin of Haloarchaea, Proc. Natl. Acad. Sci. 
USA 109 (2012) 20537–20542.

[98] M. Degli Esposti, On the evolution of cytochrome oxidases consuming oxygen, 
Biochim. Biophys. Acta Bioenerg. 1861 (2020) 148304.

[99] M.D. Brasier, J.F. Lindsay, A billion years of environmental stability and the 
emergence of eukaryotes: new data from northern Australia, Geology 26 (1998) 
555–558.

[100] R. Buik, D.J. Des Marais, A.H. Knoll, Stable isotopic compositions of carbonates 
from the Mesoproterozoic Bangemall group, northwestern Australia, Chem. Geol. 
123 (1995) 153–171.

[101] J. Farquhar, H. Bao, M. Thiemens, Atmospheric influence of earth’s earliest sulfur 
cycle, Science 289 (2000) 756–759.

[102] G. Luo, et al., Rapid oxygenation of earth’s atmosphere 2.33 billion years ago, Sci. 
Adv. 2 (2016) 5.

[103] S.W. Poulton, et al., A 200-million-year delay in permanent atmospheric 
oxygenation, Nature 592 (2021) 232–236.

[104] H. Hofmann, Precambrian microflora, Belcher Islands, Canada; significance and 
systematics, J. Paleontol. 50 (1976) 1040–1073.

[105] B. Eickmann, et al., Isotopic evidence for oxygenated Mesoarchaean shallow 
oceans, Nat. Geosci. 11 (2018) 133–138.

[106] L.A. Patry, et al., Dating the evolution of oxygenic photosynthesis using La-Ce 
geochronology, Nature 642 (2025) 99–104.

[107] N.J. Planavsky, et al., Evidence for oxygenic photosynthesis half a billion years 
before the great oxidation event, Nat. Geosci. 7 (2014) 283–286.

[108] D.T. Wilmeth, et al., Evidence for benthic oxygen production in Neoarchean 
lacustrine stromatolites, Geology 50 (2022) 907–911.

[109] D.T. Wilmeth, et al., Neoarchean (2.7 Ga) lacustrine stromatolite deposits in the 
Hartbeesfontein Basin, Ventersdorp Supergroup, South Africa: Implications for 
oxygen oases, Precambrian Res. 320 (2019) 291–302.

[110] J.F. Kasting, What caused the rise of atmospheric O2? Chem. Geol. 362 (2013) 
13–25.

[111] C.J. Bjerrum, D.E. Canfield, Ocean productivity before about 1.9 Gyr ago limited 
by phosphorus adsorption onto iron oxides, Nature 417 (2002) 159–162.

K. Trost et al.                                                                                                                                                                                                                                    BBA - Bioenergetics 1867 (2026) 149575 

12 

http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0180
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0180
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0185
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0185
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0190
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0190
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0195
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0195
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0195
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0200
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0200
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0200
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0205
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0205
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0210
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0210
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0215
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0215
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0215
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0220
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0220
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0225
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0225
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0230
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0230
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0235
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0235
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0240
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0240
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0245
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0245
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0250
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0250
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0255
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0255
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0260
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0260
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0265
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0265
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0270
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0270
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0275
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0275
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0280
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0280
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0285
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0285
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0290
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0290
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0295
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0295
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0300
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0300
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0300
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0305
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0305
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0310
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0310
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0315
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0315
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0320
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0320
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0325
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0325
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0330
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0330
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0335
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0335
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0340
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0340
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0345
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0345
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0350
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0350
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0355
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0355
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0355
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0360
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0360
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0360
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0365
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0365
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0365
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0370
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0370
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0375
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0375
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0375
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0380
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0380
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0385
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0385
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0390
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0390
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0390
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0395
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0395
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0400
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0400
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0405
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0405
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0405
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0410
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0410
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0410
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0415
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0415
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0415
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0420
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0420
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0425
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0425
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0430
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0430
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0430
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0435
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0435
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0440
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0440
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0445
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0445
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0450
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0450
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0450
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0455
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0455
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0455
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0460
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0460
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0465
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0465
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0465
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0470
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0470
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0470
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0475
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0475
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0480
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0480
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0480
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0485
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0485
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0490
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0490
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0490
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0495
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0495
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0495
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0500
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0500
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0505
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0505
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0510
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0510
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0515
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0515
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0520
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0520
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0525
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0525
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0530
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0530
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0535
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0535
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0540
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0540
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0540
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0545
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0545
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0550
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0550


[112] E.D. Swanner, et al., Modulation of oxygen production in Archaean oceans by 
episodes of Fe(II) toxicity, Nat. Geosci. 8 (2015) 126–130.

[113] J.F. Kasting, D.E. Canfield, The Global Oxygen Cycle, in: Fundamentals of 
Geobiology, John Wiley & Sons, Ltd, Chichester, UK, 2012, pp. 93–104.

[114] C.L. Grettenberger, D.Y. Sumner, Physiology, not nutrient availability, may have 
limited primary productivity after the emergence of oxygenic photosynthesis, 
Geobiology 22 (2024) e12622.

[115] B. Rasmussen, et al., Evidence for anoxic shallow oceans at 2.45 Ga: Implications 
for the rise of oxygenic photosynthesis, Geology 47 (2019) 622–626.

[116] L.M. Ward, J.L. Kirschvink, W.W. Fischer, Timescales of oxygenation following 
the evolution of oxygenic photosynthesis, Orig. Life Evol. Biosph. 46 (2016) 
51–65.

[117] J. Castresana, et al., Evolution of cytochrome oxidase, an enzyme older than 
atmospheric oxygen, EMBO J. 13 (1994) 2516–2525.

[118] S. Kihara, D.A. Hartzler, S. Savikhin, Oxygen concentration inside a functioning 
photosynthetic cell, Biophys. J. 106 (2014) 1882–1889.

[119] W.F. Martin, F.L. Sousa, Early microbial evolution: the age of anaerobes, Cold 
Spring Harb. Perspect. Biol. 8 (2015) a018127.

[120] J.A. Imlay, Pathways of oxidative damage, Ann. Rev. Microbiol. 57 (2003) 
395–418.

[121] M. Khademian, J.A. Imlay, How microbes evolved to tolerate oxygen, Trends 
Microbiol. 29 (2021) 428–440.

[122] N. Pan, J.A. Imlay, How does oxygen inhibit central metabolism in the obligate 
anaerobe Bacteroides thetaiotaomicron, Mol. Microbiol. 39 (2001) 1562–1571.

[123] S.W. Ragsdale, Pyruvate ferredoxin oxidoreductase and its radical intermediate, 
Chem. Rev. 103 (2003) 2333–2346.

[124] C. Wirth, et al., Structure and function of mitochondrial complex I, Biochim. 
Biophys. Acta Bioenerg. 1857 (2016) 902–914.

[125] A.D. Baughn, M.H. Malamy, The strict anaerobe Bacteroides fragilis grows in and 
benefits from nanomolar concentrations of oxygen, Nature 427 (2004) 221–222.

[126] E. Forte, et al., The terminal oxidase cytochrome bd promotes sulfide-resistant 
bacterial respiration and growth, Sci. Rep. 6 (2016) 23788.

[127] L.E. Khmelevtsova, et al., Prokaryotic peroxidases and their application in 
biotechnology (review), Appl. Biochem. Microbiol. 56 (2020) 373–380.

[128] H.S. Tehrani, A.A. Moosavi-Movahedi, Catalase and its mysteries, Prog. Biophys. 
Mol. Biol. 140 (2018) 5–12.

[129] J.M. Hayes, Factors controlling 13C contents of sedimentary organic compounds: 
principles and evidence, Mar. Geol. 113 (1993) 111–125.

[130] D.Y. Sumner, Oxygenation of earth’s atmosphere induced metabolic and ecologic 
transformations recorded in the Lomagundi-Jatuli carbon isotopic excursion, 
Appl. Environ. Microbiol. 90 (6) (2024).

[131] M. Kędzior, et al., Resurrected rubisco suggests uniform carbon isotope signatures 
over geologic time, Cell Rep. 39 (2022) 110726.

[132] R.Z. Wang, et al., Carbon isotope fractionation by an ancestral rubisco suggest 
that biological proxies for CO2 through geologic time should be reevaluated, Proc. 
Natl. Acad. Sci. USA 120 (2023) e2300466120.

[133] A.R. Prave, Environmental microbiology explains the largest positive carbon 
isotope excursion in earth history, the Lomagunid-Jatuli event, Appl. Environ. 
Microbiol. 90 (2024) e00936–24.

[134] S. Maruyama, et al., Initiation of leaking earth: an ultimate trigger of the 
Cambrian explosion, Gondwana Res. 25 (2014) 910–944.

K. Trost et al.                                                                                                                                                                                                                                    BBA - Bioenergetics 1867 (2026) 149575 

13 

http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0555
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0555
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0560
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0560
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0565
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0565
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0565
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0570
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0570
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0575
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0575
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0575
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0580
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0580
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0585
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0585
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0590
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0590
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0595
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0595
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0600
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0600
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0605
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0605
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0610
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0610
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0615
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0615
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0620
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0620
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0625
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0625
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0630
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0630
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0635
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0635
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0640
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0640
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0645
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0645
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0645
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0650
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0650
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0655
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0655
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0655
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0660
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0660
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0660
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0665
http://refhub.elsevier.com/S0005-2728(25)00041-6/rf0665

	Titelblatt_trost_final
	Oxygen_trost.pdf
	Oxygen reductase origin followed the great oxidation event and terminated the Lomagundi excursion
	1 Introduction
	2 Methods
	2.1 Prokaryotic time tree
	2.2 Balanced prokaryotic RefSeq dataset
	2.3 Oxygen reductases proteins
	2.4 Heme biosynthesis and cytochrome b protein sequences
	2.5 Presence and absence of oxygen reductase proteins within a dated tree of life
	2.6 Presence and absence of heme biosynthesis and cytochrome b proteins in Methanogens and Halophiles
	2.7 Monophyly of possible origin groups within oxygen reductase protein trees
	2.8 Statistical tests

	3 Results
	3.1 Occurrence of oxygen reductases across prokaryotes
	3.2 Timing the origins and spread of oxygen reductases
	3.3 Oxygen reductases are strongly affected by LGT

	4 Discussion
	4.1 The Lomagundi (or Lomagundi-Jatuli) excursion

	CRediT authorship contribution statement
	Funding sources
	Declaration of competing interest
	Acknowledgements
	Data availability
	References



