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Zusammenfassung

1 Zusammenfassung

Im Gegensatz zu eukaryotischen Genomen, deren Genomvariation hauptséchlich aus
Duplikationen und differenziellem Genverlust resultiert, wird die Evolution prokaryotischer
Genome vor allem durch den Verlust von Genen sowie deren Gewinn iiber lateralen
(horizontalen) Gentransfer geprdgt. Diese Mechanismen erzeugen einen stindigen Genfluss
zwischen prokaryotischen Genomen, der zur Ausbildung der Pangenomstruktur fiihrt, welche
aus einem konservierten Kerngenom besteht, das von einem variableren akzessorischen
Genom umgeben ist. Im Laufe der Zeit fiihrt dieser Genfluss zu Verdnderungen im
Genomrepertoire auf allen taxonomischen Ebenen.

Im Rahmen dieser Arbeit werden prokaryotische Genflussraten anhand von
Sequenzdivergenz konservierter Gene und Genomdivergenz kultivierter als auch
metagenomisch assemblierter Genome berechnet und verglichen. Es wird untersucht, ob eine
konstante Genflussrate in prokaryotischen Genomen vorliegt und inwieweit diese Genflussrate
wihrend der gesamten Genomevolution bestehen blieb. Dabei wird deutlich, dass die
langfristige, durchschnittliche Rate des Genflusses iiber hohere prokaryotische Taxa hinweg
konstant ist, wohingegen die Grofle des akzessorischen Genoms, der Anteil des Genoms, der
Unterschiede im Gengehalt fiir Genompaare aufweist, variiert. Die Ergebnisse weisen darauf
hin, dass die Pangenomstruktur seit der Divergenz von Bakterien und Archaeen ein allgemeines
Merkmal prokaryotischer Genome ist und somit auf LUCA, den letzten universellen
gemeinsamen Vorfahren, zuriickzufiihren ist.

Der kontinuierliche Genaustausch zwischen prokaryotischen Linien prégte nicht nur
die Pangenomstruktur, sondern begiinstigte auch die Verbreitung zentraler metabolischer
Innovationen. Eines der wichtigsten Ereignisse, die eine starke Verbreitung metabolischer
Innovationen zur Folge hatte, ist das Auftreten von molekularem Sauerstoft (engl. Great
Oxidation Event, GOE) vor etwa 2,4 Milliarden Jahren, bei dem der atmosphirische
Sauerstoffgehalt von 0 % auf 1 % der aktuellen atmosphérischen Konzentration (engl. present
atmospheric level, PAL) anstieg.

Im zweiten Teil der Arbeit werden anhand von 365 O;-abhingigen enzymatischen
Reaktionen die wichtigsten physiologischen Anpassungen, die durch Oz-abhéngige Enzyme
bewirkt wurden, untersucht. Traditionell wird Sauerstoff mit Atmung und damit
einhergehender Energiegewinnung assoziiert. Die Ergebnisse zeigen jedoch, dass die Resistenz

gegen Sauerstofftoxizitdt, teils durch den Ersatz Oz-empfindlicher Enzyme durch neuartiger
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O:-abhéngiger Enzyme, bereits vorhanden gewesen sein musste, bevor O als Endakzeptor in
die Atmungskette integriert werden konnte. Zellen mussten zunichst in der Lage sein in
sauerstoffreichen Umgebungen zu iiberleben und erst dann konnten sie O tatsdchlich zur
Steigerung der Energieeffizienz nutzen. Auch der Einfluss von LGT auf Oz-abhéngige Enzyme
im Vergleich zu Oz-unabhédngigen Enzymen wurde untersucht. Die O»-abhingigen Enzyme
zeigen eine deutlich hohere Einwirkung von LGT als Oz-unabhédngige Gene, was darauf
hindeutet, dass sie den Organismen, die sie beibehielten einen physiologischen Vorteil
verschaftten.

Auch Sauerstoffreduktasen (bd-typ, HCO, AOX, PTOX), respiratorische Enzyme, die
O im terminalen Schritt der Oz2-abhingigen Atmungskette zu Wasser reduzieren, gehoren zu
den O»-abhéngigen Enzymen welche stark von LGT betroffen sind. Im letzten Teil der Arbeit
wird das Alter von Genen, die fiir Sauerstoffreduktasen codieren untersucht sowie deren
Verbreitung iiber prokaryotische Abstammungslinien hinweg anhand eines zeitkalibrierten,
phylogenetischen Baumes dargestellt. Die daraus resultierenden Daten deuten darauf hin, dass
Cytochrom-bd-Oxidasen (bd-typ), Him-Kupfer-Oxidasen (HCO) und alternative Oxidasen
(AOX, PTOX) im Zuge des GOE vor etwa 2,4 Milliarden Jahren entstanden sind und
infolgedessen erheblichen lateralen Gentransfer unterzogen wurden. Die Ergebnisse
beleuchten die Physiologie im Zusammenhang mit dem GOE und decken ein biologisches
Modell auf, das die bisher ungeklirte §!*C-Isotopenanomalie der Lomagundi-Jatuli-Exkursion
(LJE) vor etwa 2,3 Milliarden Jahren als Produkt eines einzigen cyanobakteriellen Enzyms

direkt erkliren kann.
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2 Abstract

Variation in gene content across eukaryotic genomes mainly results from gene duplications and
differential gene loss. In contrast, the evolution of prokaryotic genomes is primarily driven by
gene loss and the acquisition of new genes through lateral (horizontal) gene transfer. These
mechanisms generate a continuous flux of prokaryotic genes, leading to the formation of a
pangenome structure, composed of a conserved core genome surrounded by a more variable
accessory genome. Over time, this gene flux progressively shapes the genomic gene repertoire
at all taxonomic levels.

In this work, prokaryotic gene flux rates are calculated and compared based on
sequence divergence of a conserved, universally distributed gene set and genome divergence
of cultivated as well as metagenomically assembled genomes. Linear regression models were
used to investigate whether a universal and constant rate of gene flux exists in prokaryotic
genomes and to what extent this gene flux remained constant throughout prokaryotic genome
evolution. The analysis revealed a constant long-term average rate of gene flux across higher
prokaryotic taxa. However, the size of the accessory genome and the proportion of the genome
differing in gene content between genome pairs varies between taxa. The results suggest that
the pangenome structure has been a common feature of prokaryotic genomes since the
divergence of the bacterial and archaeal lineages and can therefore be traced back to LUCA,
the last universal common ancestor.

The continuous exchange of genes between prokaryotic lineages not only shapes the
pangenome structure, but also promotes the spread of key metabolic innovations. One of the
most important events that led to the widespread distribution of metabolic innovations was the
Great Oxidation Event (GOE) approximately 2.4 billion years ago, during which atmospheric
oxygen levels rose from 0% to 1% of the present atmospheric level (PAL).

In the second part of the thesis, the most important physiological adaptations caused by
Oz-dependent enzymes are examined on the basis of 365 Oz-dependent enzymatic reactions.
Traditionally, oxygen is associated with respiration and the associated energy production.
However, the results show that resistance to oxygen toxicity, partly through the replacement of
Oz-sensitive enzymes with novel O;-dependent enzymes, must have already been present
before O could be integrated into the respiratory chain as the terminal acceptor. Cells first had
to be able to survive in oxygen-rich environments before they could actually use O to increase

energy efficiency. The influence of LGT on O:-dependent enzymes compared to Oa-
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independent enzymes was also investigated. O2-dependent enzymes show a significantly
higher impact of LGT than O-independent genes, suggesting that they provided a
physiological advantage to the organisms that retained them.

Oxygen reductases (bd-type, HCO, AOX, PTOX), respiratory enzymes that reduce O
to water in the terminal step of the O;-dependent respiratory chain, are also among the O»-
dependent enzymes that are strongly affected by LGT. The last part of this thesis investigates
the age of genes encoding oxygen reductases and their distribution in the course of the GOE
using an independently generated time-calibrated phylogenetic tree. The resulting data suggest
that cytochrome-bd-oxidases (bd-type), heme-copper oxidases (HCO), and alternative oxidases
(AOX, PTOX) arose during the GOE about 2.4 billion years ago and have consequently
undergone extensive lateral gene transfer. The findings shed light on microbial physiological
adaptations surrounding the GOE and reveal a biological model that can directly account for
the previously unexplained 8'*C isotope anomaly of the Lomagundi-Jatuli Excursion (LJE) 2.3

billion years ago as the product of a single cyanobacterial enzyme.
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3 Einleitung

3.1 Variation prokaryotischer Genome und lateraler Gentransfer

Seit 1965, als die ersten Argumente fiir molekulare Phylogenien in den Vordergrund traten, sind
Gensequenzen immer wichtiger fiir Studien der Prokaryotenevolution geworden (Zuckerkandl
& Pauling 1965, Doolittle 1999). Es werden immer schnellere Methoden zur Sequenzierung
von prokaryotischen Genomen entwickelt, wie zum Beispiel die Hochdurchsatz-
Sequenzierungsmethoden (engl. Next-Generation Sequencing, NGS) Roche-454 Life Sciences
(Margulies et al. 2005), Solexa-Illumina (Hu et al. 2015), oder ABI-SOLiD (McKernan et al.
2009). Aus der stetig wachsenden Anzahl an sequenzierten Genomen und groBflachigen
Sequenzvergleichen wurde zunehmend deutlich, dass die Varianz zwischen prokaryotischen
Genomen derselben sowie unterschiedlicher Spezies viel hoher war als zuvor angenommen
(Pallen & Wren 2007). Zum einen weisen prokaryotische Genome grofle Unterschiede in ihrer
GenomgrofBe auf, die von ca. 150 Kilobasenpaare (kb) in intrazelluldren Endosymbionten
(McCutcheon & Moran 2012) bis zu ungefdhr 14,8 Megabasenpaare (Mb) in Myxobakterien
(Han et al. 2013) reichen. Des Weiteren variieren sie stark in ihrem Genrepertoire (Perna et al.
2001), auch zwischen nah verwandten Stimmen. Ein Beispiel hierfiir sind die Escherichia coli
Stimme K-12 und O157:H7, welche sich bei vergleichbarer Genomgrofle im Gengehalt um ca.
25 % unterscheiden (Hayashi et al. 2001).

Diese beobachteten Unterschiede zwischen prokaryotischen Genomen lassen sich vor
allem auf drei Mechanismen zurilickfithren: Generwerb, Genverlust und Genverdnderungen
(Mira et al. 2001, Puigbo et al. 2014). Dabei tragen Einzel-Nukleotid-Polymorphismen (engl.
single-nucleotide polymorphisms, SNPs), Duplikationen und Rekombinationen nur
geringfiigig zur Variation prokaryotischer Genome bei (Pallen & Wren 2007, Treangen &
Rocha 2011, Tria & Martin 2021). Prozesse, die in Prokaryoten den grof3ten Teil genomischer
Variation ausmachen, sind Genverlust sowie der Austausch von Genen iiber Artgrenzen
hinweg, auch als lateraler Gentransfer bezeichnet (LGT; Pallen & Wren 2007, Treangen &
Rocha 2011). Im Gegensatz dazu haben Duplikationen beispielsweise einen groferen Einfluss
auf die Variation eukaryotischer Genome, da eukaryotische Genome nicht durch lateralen
Gentransfer nennenswert beeinflusst werden (Albalat & Cafiestro 2016, Stull ez al. 2021).

LGT umfasst den Transfer von Genen innerhalb von Arten sowie iiber Artgrenzen hinweg
(Doolittle 1999, Koonin et al. 2001, Arnold et al. 2022). Dabei unterscheidet man zwischen

drei klassischen Mechanismen: Transformation, Konjugation und Transduktion (Abe et al.
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2020, Arnold et al. 2022). Bei der Transformation nehmen prokaryotische Zellen Erbgut direkt
aus ihrer freien Umgebung auf, was dazu fiihren kann, dass Desoxyribonukleinsdure (DNA)
zwischen stark divergenten Organismen ausgetauscht wird. Es unterstiitzt jedoch auch die
Verbreitung von Genen innerhalb von Arten, da diese oft unter dhnlichen Umweltbedingungen
leben (Dubnau 1999, Ochman et al. 2000). Wie bei der Transformation, ist es auch bei der
Transduktion nicht erforderlich, dass Donor- und Akzeptororganismus gleichzeitig am selben
Ort auftreten. Als Transduktion wird der Transfer von DNA {iiber Bakteriophagen hinweg
beschrieben. Wenn ein Bakteriophage innerhalb des Donororganismus DNA-Fragmente in das
Phagenkapsid aufnimmt, kdnnen diese in das Erbgut eines anderen Wirtes des Bakteriophagen
eingebaut werden. Dieser Prozess ist jedoch davon abhingig, dass die Wirtsorganismen
spezifische Rezeptoren flir den Bakteriophagen besitzen (Jiang & Paul 1998, Ochman et al.
2000). Anders als bei der Transformation und Transduktion miissen bei der Konjugation
Donor- und Akzeptorzelle in Kontakt miteinander treten. Der unidirektionale Transfer von
Plasmiden und Transposons wird iiber den Pilus bei Gram-negativen Bakterien oder
oberflichenlokalisierten Proteinadhdsinen bei Gram-positiven Bakterien sowie einer
Konjugationsbriicke ermdglicht (Ochman et al. 2000, Chen et al. 2005). Zusitzlich zu den
klassischen drei Mechanismen von LGT wird prokaryotische DNA auch lateral iiber weitere
nicht-kanonische Wege transferiert. Dazu gehoren Gentransfer-Agenten, Nanorohren (engl.
Nanotubes) und Membran-Vesikel (Abe et al. 2020, Arnold et al. 2022). Gentransfer-Agenten
sind Phagen-&dhnliche DNA-Transporter, die von einer Donorzelle produziert werden und in
die Umwelt freigelassen werden (Lang und Beatty 2007, Popa & Dagan 2011). Dieser Prozess
ist der Transduktion sehr &hnlich. Jedoch sind Gentransfer-Agenten bisher nicht dafiir bekannt,
Gene iiber Artgrenzen hinweg zu transferieren. Auch die Lange der DNA-Sequenzen, die iiber
Gentransfer-Agenten weitergegeben werden konnen ist mit ca. 4,4 — 14kb geringer als bei
Bakteriophagen, die bis zu 100kb DNA aufnehmen kénnen (Ochman et al. 2000; Lang und
Beatty 2007). Nanorohren sind Kanile, die zwischen bakteriellen Zellen der gleichen sowie
unterschiedlicher Spezies gebildet werden. Dariiber konnen die Zellen kleine zytoplasmatische
Molekiile, Proteine und nicht-konjugative Plasmide bidirektional austauschen (Dubey und
Ben-Yehuda 2011). Ein weiterer nicht-kanonischer Mechanismus von LGT zwischen
Prokaryoten sind Membran-Vesikel, von einer Lipid-Doppelschicht umschlossene Partikel, die
DNA aus der Umwelt tragen und somit das Potenzial fiir LGT besitzen. Sie sind in Gewéssern
weit verbreitet und konnen Plasmide innerhalb einer Art sowie iiber Artgrenzen hinweg

weitergeben (Abe et al. 2020).
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Generell wird angenommen, dass bis zu 96 % aller Gene in einem prokaryotischen
Genom mindestens einmal durch LGT transferiert wurden (Kunin & Ouzounis 2003, Dagan et
al. 2008). Da die Genomgroflen prokaryotischer Organismen im Vergleich zu eukaryotischen
Genomen nur begrenzt variieren, muss Generwerb, der aus LGT resultiert, durch balancierende
Prozesse ausgeglichen werden. In prokaryotischen Genomen wird dies durch den Verlust von
Genen gewihrleistet, deren Funktion aufgrund friiherer Mutationen in der Gensequenz
inaktiviert wurde (Mira et al. 2001, Kunin & Ouzounis 2003). Zusétzlich kénnen durch
genetische Drift auch ganze Gruppierungen von Genen verloren gehen (Mira et al. 2001).
Haufig zeigen kleinere prokaryotische Genome einen erhohten Anteil an Genverlust auf, der
bis zu zwei- bis dreimal hoher ist als der Beitrag lateralen Gentransfers, wohingegen grof3ere
Genome tendenziell stirker durch LGT beeinflusst werden (Kunin & Ouzounis 2003,
McCutcheon & Moran 2012, Puigbo et al. 2014).

Durch das Einwirken von LGT und Genverlust iiber geologische Zeitrdume entsteht eine
hohe Diversitit in prokaryotischen Genomen, welche wichtig fiir die Anpassung an
verschiedenste Lebensrdume ist. Die Genome spiegeln ein Mosaik wider, dessen Elemente
Gene darstellen, die urspriinglich von unterschiedlichen Spezies aus unterschiedlichen
Abstammungslinien stammen und somit hochdynamisch sind (Lawrence & Ochman 1998,
Martin 1999, Arnold et al. 2022). Die Diversitit erschwert jedoch auch eine Einteilung
prokaryotischer Organismen in Spezies (Doolittle 1999). Mehrere Wissenschaftler bevorzugen
deswegen phylogenetische Netzwerke, um dynamische Beziehungen zwischen
prokaryotischen Stdmmen darzustellen. Im Gegensatz dazu setzen klassische verzweigte
Bédume voraus, dass alle lebenden Arten von einer kleineren Anzahl an urspriinglichen
Vorfahren, bis zuriick zu dem ersten universellen Vorfahren, abstammen (Darwin 1860,

Doolittle 1999, Martin 1999, Kunin et al. 2005, Huson & Bryant 2006).

3.2 Artbildung und das prokaryotische Pangenom

In der Zeit vor dem Einsatz von molekularen Sequenzen in der Phylogenie, basierte die
Systematik aller Einzeller auf physiologischen und morphologischen Merkmalen (Whittaker
1969). Die sequenzbasierte Klassifikation prokaryotischer Genome in Spezies hat sich im
Laufe der Zeit kontinuierlich weiterentwickelt. Zundchst wurde in den 1960ern die Methode
der DNA-DNA Hybridisierung (DDH) entwickelt, bei der zwei Genome zu der gleichen

Spezies gezihlt werden, wenn mehr als 70 % DNA-DNA Ubereinstimmung vorhanden ist und
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dhnliche phinotypische Charakteristika nachweisbar sind (Wayne et al. 1987). Die DDH wurde
spéter in den 80er Jahren standardisiert, jedoch ist die Methode, aufgrund der hohen Menge an
DNA die benétigt wird, zeitaufwendig und arbeitsintensiv (Goris ef al. 2007). Carl Woese und
George Fox fiihrten darauthin 1977 die Nutzung von 16S ribosomalen Ribonukleinsdure-
Genen (rRNA) in der Phylogenetik ein (Woese & Fox 1977). 16S rRNAs galten lange als
universelle, vertikal vererbte Gene, die einen molekularen Uhrencharakter sowie ein starkes
phylogenetisches Signal aufweisen (Woese 1987, Yarza et al. 2008, Boughner & Singh 2016).
Jedoch haben Berichte iiber LGT- und Rekombinations-Ereignisse in 16S rRNA Zweifel an
ihrer universellen Verwendung in der Spezies-Phylogenie genédhrt (Tourova et al. 2001,
Kitahara & Miyazaki 2013, Jain et al. 2018). Auch die Nutzung von nur einem Gen als
Reprédsentant eines ganzen Genoms wurde hinterfragt (Konstantinidis & Tiedje 2004).
Infolgedessen entstanden mit der Zeit Methoden, welche auf Sequenzvergleichen mehrerer
Gene beruhen. Dazu zdhlt zum Beispiel die Multilocus-Sequenztypisierung, welche
Unterschiede in der Nukleotidsequenz hauswirtschaftlicher (engl. housekeeping) Gene nutzt,
um Mikroorganismen zu gruppieren (Maiden et al. 1998). Eine weitere Alternative fiir
sequenzbasierte Gruppierungen von Genomen in Spezies ist die durchschnittliche Nukleotid-
Identitdt (engl. average nucleotide identity, ANI) konservierter Gene. Im Vergleich zu
vorherigen Methoden wie der 16S rRNA-Sequenzdivergenz oder der DDH zeigt sich, dass die
ANI, besonders auf der Speziesebene, Ahnlichkeiten und Unterschiede zwischen Genomen
detaillierter aufdecken kann (Konstantinidis & Tiedje 2004, Goris ef al. 2007). Die anhand von
ANI definierten Gruppierungen von Genomen (ca. 95 % ANI) scheinen aber nicht immer zur
selben Spezies zu gehoren. Bisher genannte Methoden liefern somit zwar erste Ergebnisse fiir
die Bestimmung prokaryotischer Spezies, sind jedoch in keinem Fall fehlerfrei. Dadurch blieb
die Suche nach einem Ansatz der Speziesdefinierung, der flexibler ist und die dkologischen
Besonderheiten der Spezies einbindet, zundchst erfolglos (Konstantinidis & Tiedje 2004).
Aufgrund der stetig wachsenden Anzahl sequenzierter Genome wurde eine immer
groflere intraspezifische Diversitit erfasst (Pallen & Wren 2007, Konstantinidis & Tiedje
2004). Es stellte sich die Frage, wie viele Sequenzen innerhalb einer prokaryotischen Spezies
bendtigt werden, um sie liberhaupt akkurat darstellen zu konnen (Tettelin et al. 2005, Tettelin
et al. 2008). Einige Wissenschaftler folgerten, dass eine Einteilung in Cluster von Genomen
eine realitidtsndhere Gruppierung darstellt. Dazu gehorte auch die Gruppe um Hervé Tettelin,
die 2005 das Pangenom als eine Darstellung von Genomunterschieden und -gemeinsamkeiten
einer Spezies einfiihrte (Tettelin ef al. 2005). Ein Pangenom lésst sich in das Kerngenom (eng].

core genome), das Gene umfasst, die in allen untersuchten Genomen vorkommen, und in das
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akzessorische Genom (engl. accessory genome), in dem alle restlichen Gene zusammengefasst
sind, einteilen (Tettelin ez al. 2005, Tettelin et al. 2008). Spéter wurde auch eine Einteilung in
vier Gruppen vorgeschlagen, bei der das Pangenom in das Kern-, weiche Kern- (engl. soft
core), akzessorische und Wolkengenom (engl. cloud) eingeteilt wurde. Das weiche Kerngenom
umfasst Gene, die in mindestens 95 % aller Genome vorkommen, jedoch nicht universell sind.
Das akzessorische Genom hingegen beinhaltet Gene, die in mehr als 1 % der Genome
vorkommen, aber in weniger als 95 % und im Wolkengenom befinden sich alle Proteinfamilien,
die genomspezifisch sind (Sonnenberg et al. 2020, Matthews et al. 2024). Generell wird das
Kerngenom oft als die Essenz der Spezies bezeichnet, weil sich hauptsidchlich Gene, die
hauswirtschaftliche oder regulative Funktionen fiir den Organismus haben, darin finden lassen
(Tettelin et al. 2005, Medini ef al. 2005). Diese Gene sind im Allgemeinen weniger durch LGT
beeinflusst, wodurch die Grofle des Kerngenoms gleich bleibt, unabhédngig davon wie viele
Genome dem Pangenom hinzugefiigt werden. Im akzessorischen Genom hingegen codiert ein
Grofteil der Gene fiir mobile Elemente, Antibiotikaresistenzen oder speziesspezifische
Funktionen (Tettelin et al. 2005, Tettelin et al. 2008, Vernikos et al. 2015). Sie bilden ein
Reservoir an Funktion und unterliegen hdufig LGT, um neue Eigenschaften zur Anpassung an
neue Nischen zu erlangen (Tettelin et al. 2005, Tettelin et al. 2008, Vernikos et al. 2015,
Segerman 2012). Das akzessorische Genom spiegelt somit die Vielfalt der Spezies wider und
kann mit steigender Anzahl an Genomen schneller oder langsamer anwachsen (Medini ef al.
2005). Dieses Wachstum kann anhand der Anzahl genomspezifischer Gene, die mit jedem
weiteren Genom hinzugefiigt werden, gemessen werden und ermdglicht eine Klassifikation des
Pangenoms als offen oder geschlossen. Ein offenes Pangenom zeichnet sich dadurch aus, dass
die Anzahl an genomspezifischen Genen wéchst, je mehr Genome dem Pangenom hinzugefiigt
werden. Spezies, die ein offenes Pangenom aufweisen, sind oft an wechselnden
Umweltbedingungen angepasst und offener fiir Gentransfer (Medini et al. 2005). Um das
Genrepertoire einer Spezies mit einem offenem Pangenom darstellen zu konnen, wiirden somit
eine sehr hohe Anzahl an Sequenzen bendtigt werden (Tettelin ef al. 2008, Vernikos et al.
2015). Hogg et al. (2007) erweiterte die Theorie des offenen Pangenoms durch ein Modell, das
anhand der Genverteilung iiber verschiedene Genome hinweg die finale Anzahl der Gene im
Pangenom schétzt, die bendtigt wird, um eine Spezies akkurat darstellen zu konnen.

Wenn die Anzahl an neuen Proteinfamilien jedoch gegen null tendiert, je mehr Genome
hinzugefiigt werden, wird das Pangenom als geschlossen bezeichnet. Das ldsst darauf
schlieBen, dass das gesamte Genrepertoire der Spezies charakterisiert wurde (Tettelin et al.

2005, Medini et al. 2005, Vernikos et al. 2015). Spezies, die in isolierten Nischen leben und
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konserviert sind, weisen eher ein geschlossen Pangenom auf, da sie durch ihre Lebensweise
einen eingeschrankten Zugriff auf den globalen, mikrobiellen Genpool haben (Medini ef al.
2005).

Im Vergleich zu fritheren Methoden zur prokaryotischen Speziesdefinierung, erlaubt das
Pangenom-Konzept eine flexiblere Einteilung, da es sowohl quantifizierbare, genomische
Unterschiede als auch Gemeinsamkeiten einer Spezies aufzeigt und genetische sowie

okologische Einfliisse in die Klassifizierung von Arten mit einbezieht.

3.3 Metagenome

Trotz der starken Zunahme an neu sequenzierten Genomen, die durch Methoden wie NGS in
Datenbanken hinterlegt werden konnten, wird davon ausgegangen, dass nur ein minimaler
Anteil aller prokaryotischer Organismen bis heute sequenziert ist (Rappé & Giovannoni 2003,
Segerman 2012, Lok 2015). Der Hauptgrund hierfiir ist, dass viele Organismen nicht oder nur
in Verbindung mit aufwindigen und teuren Laborbedingungen kultivierbar sind, da ihre
natiirlichen Lebensraume umweltbezogene, physikalische, biochemische und genetische
Komplexititen aufweisen (Garza & Dutilh 2015). Diese Organismen werden oft auch unter
dem Begriff ,mikrobielle dunkle Materie* (engl. microbial dark matter) zusammengefasst
(Marcy et al. 2007, Rinke et al. 2013, Lok 2015).

Aufgrund dessen werden metagenomisch assemblierte Genome (engl. metagenomic-
assembled genomes, MAGs) mit Hilfe von bioinformatischen Algorithmen erstellt. Zunichst
wird dazu jegliche DNA aus Umweltproben sequenziert, woraus eine Probe von einzelnen
DNA-Stiicken unterschiedlichster Organismen resultiert, das sogenannte Metagenom (Garza
& Dutilh 2015, Setubal 2021). Die einzelnen DNA-Stiicke werden dann anhand von dhnlichen
Eigenschaften (z.B. Tetranukleotid-Frequenzen, komplementire Markergene, taxonomischen
Alignments und Codonverwendung), so gruppiert, dass sie demselben Organismus angehdren,
um die urspriingliche Genomsequenz zu rekonstruieren (Garza & Dutilh 2015, Yang et al.
2021).

Die aktuell verfligbaren Algorithmen zur Rekonstruktion von MAGs sind jedoch noch
nicht ausgereift, wodurch sich erhebliche Unterschiede in den Qualititen der einzelnen MAGs
ergeben (Mardis et al. 2002, Chain et al. 2009). Um qualitativ unverldssliche MAGs von
Studien ausschlieBen zu kénnen, wurden bioinformatische Programme entwickelt, welche die

Qualitdt von MAGs anhand ihrer Vollstandigkeit und Kontamination schitzen. Vollstdndigkeit
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beschreibt die Menge von taxonspezifischen oder -unspezifischen Markerproteinen, welche in
einem MAG erwartet werden. Kontamination bezieht sich auf den Anteil der Sequenzen, die
nicht zum Zielorganismus gehdren (Manni et al. 2021, Parks et al. 2015). Zu diesen
Programmen zdhlen BUSCO (Benchmarking Universal single-Copy Orthologue tool; Simao
et al., 2015), CheckM (Parks et al. 2015) und CheckM2 (Chlovski et al. 2023). Oft wird die
Qualitit eines MAGs anhand einer Kombination aus beiden Qualitdtsparametern durch die

folgende Gleichung (Parks et al. 2017) bestimmt:

Qualitdt = Vollstidndigkeit — 5 * Kontamination

Ein Threshold von 50 % Qualitit wird des Ofteren als geeignet angesehen, um ein MAG als
hoch qualifiziert und vertraulich einzustufen (Parks et al. 2018, Pasolli ef al. 2019, Nayfach et
al. 2021, Almeida et al. 2021). Jedoch ist bei der Interpretation von MAGs Vorsicht geboten,
da niedrige Qualitdtsschwellenwerte das Risiko fehlerhafter Ergebnisse in wissenschaftlichen

Analysen erhéhen kdnnen.

3.4 Sauerstoffevolution

Die Verdnderung von Pangenomen {iber geologische Zeitspannen beruht auf mehreren
evolutiondren als auch Okologischen Mechanismen. Dazu gehdéren zum einen LGT,
okologische Nischenvielfalt, aber auch selektiver Druck (Mclnerney et al. 2017, Touchon et
al. 2020). Umweltereignisse, welche einen starken selektiven Druck ausiiben, konnen zu einer
erhohten Menge an Genfixierung in Organismen fithren und begiinstigen damit die Verbreitung
zentraler metabolischer Innovationen iiber prokaryotische Abstammungslinien hinweg. Dazu
zdhlt auch das GroBe Sauerstoffereignis vor ca. 2,4 Milliarden Jahren, bei dem molekularer
Sauerstoff (O7) das erste Mal in der Erdatmosphire auftrat (Holland 2002, Gumsley et al.
2017). Cyanobakterien, die mafigeblich zur Produktion von O> wihrend des GOE beitrugen,
nutzen zwei auf Chlorophyll basierende Photosysteme (PSI & PSII) um Kohlenstoffdioxid
(CO2) und Stickstoff (N2) mit Hilfe von Elektronen zu fixieren, die sie aus Wasser (H20)
extrahiert haben. Dabei entsteht Sauerstoff im Photosystem I, der schlieBlich zur Erh6hung
der atmosphirischen O;-Konzentration fiihrte (Shen 2015, Kato et al. 2021, Fischer et al. 2016,
Demoulin et al. 2024). Einige Wissenschaftler argumentieren jedoch, dass aufgrund von

Spurenmetallanreicherungen, die auf oxidative Verwitterung von terrestrischen Sulfiden
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hinweisen, bereits sogenannte Hauche (engl. whiffs), kurzzeitige Spuren von
Sauerstoffkonzentration, circa 50 bis 600 Millionen Jahre vor dem GroBBen Sauerstoff Ereignis
in der Atmosphire auftraten (Anbar et al. 2007, Czaja et al. 2012, Crowe et al. 2013). Es
wurden auch zeitlich begrenzte Schwefelisotopensignale oder Quecksilbervorkommen genutzt,
um frithe Verdnderungen des atmosphérischen Oz-Gehalts zu bestimmen (Kaufman et al. 2007,
Meixnerova et al. 2021). Diese Hypothesen werden jedoch kontrovers diskutiert und neuere
Studien nehmen an, dass die kurzzeitigen Signale fiir Oz-Anreicherungen vor dem GOE
erklarbar sind durch die Oxidation von 2,45 Milliarden alten Sedimentproben, die bereits unter
anaeroben Bedingungen abgelagert wurden (Slotznick et al. 2022). Eine weitere Hypothese flir
Sauerstoffkonzentrationen vor dem GOE besagt, dass O: durch abgeriebenen Quarz in
Kiistenzonen synthetisiert wurde (He et al. 2021, He et al. 2023, Stone et al. 2022). Jedoch
entsteht dabei eine hohe Menge an Wasserstoffperoxid (H20,), welches durch seine hohe
Reaktivitdt nicht zu einer signifikanten Steigerung der Oz-Konzentration in der Atmosphire
beitragen konnte (Koppenol & Sies 2024, Mrnjavac et al. 2024a, Mrnjavac et al. 2024b). Auch
Mangan-Knollen, die auf dem Meeresboden zu finden sind, sollen Sauerstoff synthetisiert
haben (Sweetman et al. 2024). Es ist aber fragwlirdig, ob Mangan-Knollen O> vor dem GOE
produziert haben kdnnten, da sie sich nur mit Hilfe von O, formen und anreichern. Somit kam
molekularer Sauerstoff mit hoher Wahrscheinlichkeit das erste Mal mit dem GOE in die
Atmosphdre und stieg auf circa 1 % des aktuellen Sauerstoffgehalts an (engl. present
atmospheric level, PAL; Fischer et al. 2016, Slotznick et al. 2022).

Diese atmosphérische Sauerstoffkonzentration blieb von vor circa 2,3 Milliarden bis
vor circa 580 Millionen Jahren mehr oder weniger konstant (Lyons et al. 2014, Mills et al.
2022, Brocks et al. 2023). Da es in dieser Periode an geobiologisch interessanten Ereignissen
mangelt, wird sie als eine der ,Jangweiligsten” Phasen in der Erdgeschichte beschrieben und
deswegen auch die langweilige Milliarde genannt (engl. Boring Billion; Mukherjee et al. 2018).
Der Begriff Pasteurische Ara wird auch in diesem Kontext genutzt, da die
Sauerstoffkonzentration von 1 % PAL dem Pasteur-Punkt gleicht, welcher die
Sauerstoffkonzentration angibt, bei dem fakultativ aerobe Organismen von anaerober zu
aerober Atmung wechseln (Martin et al. 2020). Weshalb die Sauerstoftkonzentration mehr oder
weniger konstant bei 1 % PAL blieb wird bis heute diskutiert. Es gibt mehrere Theorien, die
auf geologische oder geochemische Prozesse zuriickzufiihren sind (Canfield 1998, Anbar &
Knoll 2002, Poulton et al. 2004, Alcott et al. 2019, Klatt et al. 2021). Diese Anséitze limitieren
jedoch nur die Rate der O>-Anhdufung und bestimmen nicht ihren genauen Endwert (Allen et

al. 2019). Es gibt jedoch auch einen biologischen Ansatz basierend auf dem Enzym
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Nitrogenase, welches die Reduktion von N> zu Ammoniak (NH3) katalysiert (Allen ef al. 2019).
Nitrogenasen werden durch O inhibiert: Bei 1 % O: wird die Nitrogenase-Aktivitit bis zu
41 % inhibiert und bei 10 % O; bis zu 100 % (Stewart & Lex 1970). Sinkt die Nitrogenase-
Aktivitdt, sinkt auch das Vorkommen von fixiertem Stickstoff, welches notwendig fiir das
Wachstum von Stickstoff-fixierenden Cyanobakterien ist, wodurch die O;-Produktion
gehemmt wird. Sobald die O>-Konzentration unter 2 % sinkt, nimmt die Nitrogenase-Aktivitat
sowie die O2-Produktion wieder zu. Durch eine negative Feedbackschleife kann somit die O»-
Konzentration in der Atmosphdre durch ein einziges cyanobakterielles Enzym, die
Nitrogenase, iiber zwei Milliarden Jahre hinweg reguliert werden (Allen et al. 2019, Mrnjavac
et al. 2024a, Mrnjavac et al. 2024b). Heute besitzen viele Cyanobakterien Mechanismen, um
Nitrogenasen vor Oz zu schiitzen. Es gibt jedoch Indizien, dass diese Schutzmechanismen erst
spét, nach dem Ursprung von Landpflanzen in Cyanobakterien, entwickelt wurden (Mrnjavac
et al. 2024b). Sie wiren somit nicht verantwortlich fiir den Sauerstoffanstieg am Ende des
Proterozoikums, sondern haben sich eher als Schutzmechanismus fiir bereits angestiegene,
hohe Sauerstoffkonzentrationen entwickelt (Allen et al. 2019, Mrnjavac et al. 2024Db).

Vor circa 500 Millionen Jahren, mit dem Ende der langweiligen Milliarde, stieg die
Sauerstoffkonzentration in der Atmosphére auf aktuelle 21 % an, was 100 % PAL entspricht.
Der Mechanismus, durch den die erhohte Sauerstoffkonzentration entstand, ist ein verstarktes
Aufkommen an Kohlenstoftfixierung mit dem Ursprung der Landpflanzen (Lenton ef al. 2016,
Stolper & Keller 2018). Das dazu notwendige Enzym ist Zellulose Synthase (Mrnjavac et al.
2024b). Zellulose ist hauptsidchlich in den Zellwdnden von Stimmen und Bléttern der
Landpflanzen zu finden (Pedersen et al. 2023). Es wird synthetisiert, indem zundchst
Elektronen von H>O genutzt werden, um O; in der photosynthetischen
Elektronentransportkette zu generieren. Diese Elektronen werden dann zur CO»-Fixierung in
den Calvin Zyklus weitergeleitet, wodurch phosphorylierte Zucker entstehen. Daraufhin
konnen Glucose-Monomere synthetisiert werden, welche in polymerisierter Form das
stickstofffreie Polymer Zellulose bilden (Mrnjavac et al. 2024b). Da Landpflanzen
Photosynthese in Luftorganen, hauptsdchlich in Blittern, ausfiihren, welche aufgrund von N»-
fixierenden Mikroben im Boden physisch von ihrer Stickstoffressource getrennt sind,
limitieren Nitrogenasen nicht mehr die Oz-Produktion (Allen et al. 2019, Mrnjavac et al.
2024b).

Die Sauerstoffkonzentration in der Erdatmosphdre kann somit durch drei

cyanobakterielle Enzyme erkldrt werden: dem Sauerstoff produzierenden Komplex des
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Photosystems II, Nitrogenasen, welche durch O» inhibiert werden, und Zellulose Synthase in

Landpflanzen.

3.5 Lomagundi-Jatuli Isotopenexkursion

Am Ende des GOE zeigt sich in geochemischen Aufzeichnungen die gréBte, positive
3K ohlenstoff-Isotopenexkursion der letzten 3,5 Milliarden Jahre, auch Lomagundi-Jatuli
Exkursion (LJE) genannt (Schidlowski et al. 1976, Melezhik et al. 2005). Sie fand vor circa
2,3 bis 2,1 Milliarden Jahren statt, dauerte 100 bis 250 Millionen Jahre an und weist 13C
Isotopen Werte (8'3C) zwischen +5 %o und +10 %o auf (Schidlowski ef al. 1976, Karhu &
Holland 1996, Martin et al. 2013). Die LIE ist die bemerkenswerteste Ausnahme von §'3C-
Werten und bis heute nicht komplett erkldrbar, da sich Wissenschaftler uneinig sind, wie die
hohen 8'*C-Werte begriindet werden koénnen. Jedoch werden zwei Ansitze priferiert: (i) die
LJE beruht auf mehreren lokalen Ereignissen in Kiisten- und Flachwassergebieten bei der
Kohlenstoffabbau, Sedimentfliisse, Evaporation und Methanogenese eine Rolle gespielt haben
konnten (Frauensteine et al. 2009, Prave et al. 2022) und (ii) die LJE war ein globales Ereignis,
welches synchron mit dem Sauerstoffanstieg in der Atmosphére, mit Start des GOE, ablief
(Karhu & Holland 1996, Gumsley ef al. 2017). Vertreter letzter Theorie nehmen an, dass starke
vulkanische Eruptionen zu erhdhten oxidativen Verwitterungen von Landmassen fiihrten und
somit zu einem steigenden Fluss von Phosphor und anderen essenziellen Néhrstoffen. Dadurch
stieg die photosynthetische Aktivitdt und damit einhergehend der atmosphédrische Sauerstoff
wihrend des GOE (Holland 2002, Bekker & Holland 2012, Gumsley et al. 2017, Hodgskiss et
al. 2019). Hier spielt das Enzym Ribulose-1,5-bisphosphat-carboxylase/-oxygenase (RuBisCo)
eine entscheidende Rolle. Es fixiert bevorzugt '*Kohlenstoff (>C) aus der Atmosphire im
Photosystem II der Cyanobakterien (Hayes 1993). Dies fiihrt zu einer Anreicherung von '*C in
der Atmosphire sowie von '>C in organischem Material (Hodgskiss et al. 2023). Der
Kohlenstoff-Zyklus des LJE und die Konzentration des atmosphérischen Sauerstoffs stehen
somit in direkter Verbindung zueinander. Es wird oft davon ausgegangen, dass diese erhohte
Einlagerung von leichtem organischem Material (!2C) zu einem Anstieg der
Sauerstoffkonzentration gefiihrt haben miisste (Karhu & Holland 1996, Bekker et al. 2004,
Lyons et al. 2014). Die wihrend des LJE beobachteten hohen §'3C-Werte wiirden jedoch unter
Beriicksichtigung von Standardsauerstoffmodellen bedeuten, dass der atmosphérische

Sauerstoff von 0 % vor dem GOE bis zu liber 21 % (v/v) angestiegen wire, was mehr als dem
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heutigen atmosphdrischen Sauerstoffgehalt entspricht (Karhu & Holland 1996). Griinde dies
anzuzweifeln lassen die Frage unbeantwortet wodurch die hohen 8'3C-Werte wéhrend des LJE
entstanden sind und warum sie 100 bis 250 Millionen Jahre spéter mit Eintreten der

sogenannten langweiligen Milliarde wieder fielen (Prave et al. 2022).

3.6 Sauerstoffreduktasen

Heutzutage wird der meiste Sauerstoff, welcher durch Cyanobakterien und Pflanzen produziert
wird, fiir die Atmung und Energiekonservierung genutzt, was die atmosphirischen O»-
Konzentrationen konstant hélt (Li et al. 2021). Am Ende der Atmungskette katalysieren
Sauerstoffreduktasen (terminale Oxidasen) die Reduktion von Sauerstoft (O2) zu Wasser (H2O;
Wikstrom 1977). Zu ihren bekanntesten Haupttypen gehdren bd-Typ Oxidasen (bd; Borisov et
al. 2011, Degli Esposti et al. 2019, Murali et al. 2021), Him-Kupfer Oxidasen (HCO; Pereira
et al. 2001, Sousa et al. 2012, Murali et al. 2022), die mitochondriale alternative Oxidase
(AOX; Atteia et al. 2004, Pennisi et al. 2016) und die plastochinol Oxidase in Plastiden (PTOX;
Kuntz 2004, McDonald & Vanlerberghe 2005).

Cytochrom bd-Typ Oxidasen sind reine Chinol-Oxidasen, die entweder Ubichinol oder
Menachinol als Substrat nutzen. Sie besitzen drei Hame, darunter bsss, bsos und d (Marreiros et
al. 2016), von denen das Him bsos und das Hdm d der Oz-Reduzierung dienen. Zu ihren
Funktionen gehoren zum einen die Energiekonservierung in Form eines Protonantriebs, zum
anderen erfiillen sie zahlreiche weitere Funktionen, etwa indem sie Organismen die Besiedlung
Oz-armer Umgebungen erleichtern oder als O>-Abbauenzym wirken, um eine Inhibition von
Os-sensiblen Enzymen, wie Nitrogenasen, zu verhindern (Borisov ef al. 2011, Degli-Esposti et
al. 2019, Murali et al. 2021).

Ham-Kupfer Oxidasen (HCO) sind die wohl am meisten studierten
Sauerstoffreduktasen. Sie besitzen eine zweikernige O2-Reduktionsstelle, welche ein High-
Spin-Ham und ein Kupferion beinhaltet (Marreiros et al. 2016). Die HCO generieren einen
Protonenantrieb, der fiir verschiedenste biosynthetische Aktivititen (z.B. ATP-Synthese),
mechanische Bewegung (z.B. Flagellenrotation) oder Transport von gelosten Stoffen von
zentraler Bedeutung ist. Zu ihrer Familie gehoren sowohl Cytochrom C Oxidasen, Chinol-
Oxidasen (Pereira et al. 2001, Borisov et al. 2011) als auch die Stickstoffmonoxid (NO)
terminalen Oxidasen, welche evolutiondr von dem Vorfahren der Sauerstoffreduktasen

abstammen (Marreiros et al. 2016, Borisov et al. 2011, Pennisi et al. 2016; Murali et al. 2021,
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Murali ef al. 2022, Murali et al. 2024). Sowohl bd-Typ als auch Him-Kuper Oxidasen sind
stark von LGT beeinflusst und weit iiber prokaryotische Taxa hinweg verbreitet. Bd-typ
Oxidasen finden sich vermehrt unter fakultativ anaeroben und mikroaeroben Organismen,
wohingegen Him-Kupfer Oxidasen sowohl in anaeroben als auch in aeroben Organismen
vorkommen (Pereira et al. 2001, Borisov et al. 2011, Sousa et al. 2012, Borisov et al. 2015,
Pennisi et al. 2016, Soo et al. 2019, Degli Esposti et al. 2019, Murali et al. 2021, Murali ef al.
2022).

Die alternative Oxidase ist Cyanid-resistent und benutzt Ubichinon als
Elektronendonor. Sie besitzt ein aktives Zentrum fiir die O2-Reduktion auf der Basis von
Eisencarboxylaten und produziert im Gegensatz zu HCO und bd-Typ Oxidasen keinen
Protonenantrieb. AOX sind wichtig fiir die Hitzegenerierung in bestimmten Oberfléchen, sie
spielen eine Rolle in der Regulation des Energiestoffwechsels sowie im Schutz vor oxidativen
Stress und bei der Aufrechterhaltung der Homdostase und Redox-Balance (Atteia et al. 2004,
Pennisi ef al. 2016). AuBlerdem sollen sie die Erzeugung reaktiver Sauerstoff Spezies (engl.
reactive oxygen species, ROS) reduzieren und somit die iibermidfige Verringerung des
Ubichinon-Vorrats verhindern (Maxwell et al. 1999). Vertreten sind AOX in Mitochondrien
von Pflanzen, Pilzen und Protisten, aber auch in wenigen Bakterien und Tieren (Pereira et al.
2001, Atteia et al. 2004, McDonald & Vanlerberghe 2005, Borisov ef al. 2011, Pennisi et al.
2016).

Die mit den AOX verwandte plastoquinol terminale Oxidase (PTOX) weist ebenfalls
ein aktives Zentrum auf der Basis von Eisencarboxylaten auf, welches eine dhnliche sekundire
Struktur wie das aktive Zentrum von AOX hat (Berthold & Stenmark 2003). PTOX ist auch
Cyanid-resistent und kommt am Ende der photosynthetischen Elektronentransportkette vor
(Kuntz 2004). Dementsprechend tritt PTOX nur in photosynthetischen Organismen, wie zum
Beispiel Pflanzen, Algen, Diatomen und Cyanobakterien, auf (Atteia ef al. 2004, McDonald &
Vanlerberghe 2004, McDonald & Vanlerberghe 2005, McDonald et al. 2011). Ahnlich wie
AOX hat PTOX die Funktion, die iibermiBige Verringerung des Plastochinon-Vorrats zu
verhindern und die Redox-Balance aufrechtzuerhalten. AufBlerdem wirkt PTOX als
Komponente in der Entsittigung von Carotinoiden (Kuntz 2004, McDonald & Vanlerberghe
2005).

Bis heute ist nicht gekldrt, wann genau Sauerstoffreduktasen entstanden sind. Basierend
auf ihrer Sauerstoffaffinitit wurde jedoch eine gewisse Reihenfolge vorgeschlagen. Bd-Typ
terminal Oxidasen sollen aufgrund ihrer hohen Sauerstoffaffinitit der erste bekannte Typ der

Sauerstoffreduktasen gewesen sein. Sie konnen auch sauerstoffarme Umgebungen besiedeln,
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wohingegen alle anderen drei Typen (HCO, AOX und PTOX) eine sehr niedrige
Sauerstoffaffinitit aufweisen und dementsprechend Umweltbedingungen mit hohen
Sauerstoffkonzentrationen bendtigen (Sharma & Wikstram 2014, Degli Esposti et al. 2019).
Dariiber hinaus ist es moglich, dass die Funktion von Sauerstoffreduktasen zu Beginn nicht
bioenergetischer Form war, sondern der Beseitigung von iiberschiissigem, toxisch wirkendem
Sauerstoff diente (Degli Esposti et al. 2019). Auflerdem wird angenommen, dass HCO von
Bakterien iiber LGT auf Archaeen iibertragen wurden und somit nicht ihren Ursprung im
letzten gemeinsamen Vorfahren (engl. last universal common ancestor, LUCA) haben (Pereira
et al. 2001, Degli Esposti et al. 2019). Die alternative Oxidase (AOX) sowie die plastochinol
terminal Oxidase (PTOX) wurden wahrscheinlich vom Vorfahren der Mitochondrien und
Chloroplasten vertikal vererbt (Atteia et al. 2004) und konnten somit ihren Ursprung in
Alphaproteobakterien und Cyanobakterien haben (McDonald & Vanlerberghe 2005). Fiir alle
vier Typen gilt jedoch, dass sie mit hoher Wahrscheinlichkeit entstanden sind, nachdem
Sauerstoff bereits in der Atmosphire war, da sie ohne das Substrat O, keine selektierbare

Funktion gehabt haben kénnen.
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4 Zielsetzung

Prokaryoten konnen ihre Gene nicht nur vertikal an ihre Nachkommen weitervererben, sondern
auch lateral iiber Artgrenzen hinweg austauschen und transferieren. Uber die Zeit hinweg
betrachtet, entsteht durch LGT und Genverlust ein Prozess des Genflusses in prokaryotischen
Genomen. Dieser Genfluss beeintrichtigt jedoch die Kategorisierung von Genomen in Spezies
(Doolittle 1999), da durch die Mechanismen des Genflusses ein hoher Grad an Diversitit in
prokaryotischen Genomen zu finden ist. Heute ist bekannt, dass prokaryotische Spezies in
Pangenomen organisiert sind, welche ein Kerngenom mit essenziellen Genen, die in allen
Genomen einer Spezies vorkommen, und ein akzessorisches Genom, welches metabolische
Gene oder Gene fiir die Anpassung an bestimmte Umweltbedingungen beinhaltet, besitzen
(Tettelin et al. 2005).

Vor diesem Hintergrund ist es ein Ziel dieser Arbeit, den Einfluss von Gentransfer,
insbesondere LGT, auf die Genomevolution von Prokaryoten zu untersuchen. Mit Hilfe von
Sequenzdivergenz vertikal vererbter und universell verbreiteter Gene sowie An- oder
Abwesenheit von Proteinfamilien in prokaryotischen Genomen werden Genflussraten fiir
verschiedene prokaryotische Taxa ermittelt. Es wird analysiert, ob die berechneten
Genflussraten spezifisch fiir einzelne Taxa und taxonomische Ebenen oder universell vertreten
sind. AuBlerdem wird diskutiert, inwieweit sich durch Genflussraten Riickschliisse auf
vorhandene Spezieskonzepte, wie das Pangenom, ziehen lassen.

Im weiteren Verlauf der Arbeit wird ndher auf den Einfluss von Sauerstoff auf die
Genom- sowie die biochemische Evolution von Prokaryoten eingegangen. Durch die
Generierung von Sauerstoff (Oz) in Cyanobakterien stieg der Gehalt an O, vor ca. 2,4
Milliarden Jahren in der Atmosphidre an (Holland 2002, Kato et al. 2021). Es stellt sich die
Frage, welche evolutiondren Auswirkungen Sauerstoff in Prokaryoten neben Atmung und
Energiegewinnung hat und inwieweit LGT sich in der Verbreitung von O:-abhingigen
Enzymen bemerkbar macht. Dazu wurden Cluster und phylogenetische Bdume von O»-
abhéngigen und Oz-unabhingigen Enzyme miteinander verglichen und analysiert.

Traditionell wird Atmung und Energiegewinnung als die grofte evolutiondre
Auswirkung von Sauerstoff gesehen. Terminale Oxidasen katalysieren die Reduktion von
Sauerstoff zu Wasser (H,O) am Ende der Atmungskette (Wikstrom 1977). Der genaue
Zeitpunkt der Entstehung von terminalen Oxidasen ist jedoch unklar. Im letzten Teil der Arbeit

wird der Ursprung terminaler Oxidasen untersucht, indem die Verteilung von bd-, HCO und
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Zielsetzung

alternativen terminalen Oxidasen (AOX, PTOX) iiber prokaryotische Taxa auf einen zeitlich
kalibrierten phylogenetischen Baum abgebildet wird (Mahendrarajah et al. 2023). Anhand
dieser Analyse soll ein Modell erstellt werden, welches die Physiologie rund um das GOE
sowie Griinde fiir die Entstehung und die Auflosung des LJE, der grofiten, positiven
BKohlenstoff-Isotopenexkursion in den letzten 3,5 Milliarden Jahren, veranschaulicht

(Schidlowski et al. 1976).
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Abstract

Prokaryotic genomes constantly undergo gene flux via lateral gene transfer, generating a pangenome structure consisting of a con-
served core genome surrounded by a more variable accessory genome shell. Over time, flux generates change in genome content. Here,
we measure and compare the rate of genome flux for 5655 prokaryotic genomes as a function of amino acid sequence divergence in 36
universally distributed proteins of the informational core (IC). We find a clock of gene content change. The long-term average rate of
gene content flux is remarkably constant across all higher prokaryctic taxa sampled, whereby the size of the accessory genome—the
proportion of the genome harboring gene content difference for genome pairs—varies across taxa. The proportion of species-level
accessory genes per genome, varies from 0% (Chlamydia) to 30%-33% (Alphaproteobacteria, Gammaproteobacteria, and Clostridia). A
clock-like rate of gene content change across all prokaryotic taxa sampled suggest that pangenome structure is a general feature of

prokaryotic genomes and that it has been in existence since the divergence of bacteria and archaea.

Keywords: gene flux; pangenomes; prokaryotes; accessory genome; core genome; metagenomes

Introduction

The evolution of genome diversification in eukaryotes is mostly
driven by gene duplication and differential loss (Albalat and Carie-
stro 2016, Stull et al. 2021). In contrast, prokaryotic genome evo-
lution is driven mostly by gene loss and gene acquisition via lat-
eral (or horizontal) transfer (LGT), while gene duplication is rare
(Mira et al. 2001, Treangen and Rocha 2011, Tria and Martin 2021).
Genetic recombination and gene transfer in prokaryotes involves
unidirectional transfer of genes from donors to recipients via
transformation, transduction, conjugation, gene transfer agents,
or membrane vesicles (Arnold et al. 2021). Over time, these mech-
anisms generate a process of DNA flux through constant gene loss
and gain in prokaryotic chromosomes. How much gene flux they
generate and whether such flux has been in operation through-
out evolutionary history are questions of interest. In early work
using codon bias as a proxy for laterally acquired genes, Lawrence
and Ochman (1998) estimated that about 18% of the genes in Es-
cherichia coli MG1655 genome correspond to recent lateral acquisi-
tions. Today, it is recognized that the gene content of prokaryotic
species is typically organized as pangenomes (Tettelin et al. 2005),
with a conserved core genome consisting of genes present in all
genomes of a given taxonomic sample, such as strains, and an ac-
cessory genome consisting of genes that are differentially present
in all sample members that is, in evolutionary terms, in a state
of continuous flux (Medini et al. 2005, Tettelin et al. 2005, 2008,
Vernikos et al. 2015, Brockhurst et al. 2019).

The rate of gene flux between genomes of prokaryotes has been
extensively studied at the species and genus level and several

studies uncovered a clear relationship between phylogenetic dis-
tance and the frequency of gene differences that may arise by gain
or loss (gain/loss). For example, Hao and Golding (2006) examined
the association between the rate of gene-flux and point mutations
in the core genome of seven Bacillus cereus strains; they estimated
a rate of 4.4 gene gain or loss per nucleotide substitution per site
in the strains' core genome. Applications of the same method
yielded similar inferences of 1.17 and 1.18 gene gain/loss events
per point mutation per site for 12 Streptococcus genomes (Marri et
al. 2006) and five Corynebacterium genomes (Marri et al. 2007), re-
spectively. Higher rates of gene gain/loss were inferred for 27 Pseu-
domonas syringae strains, where a comparison of gene gain/loss
among closely related strains showed that up to 5000 gain/loss
events may have occurred before 1% amino acid sequence diver-
gence in the core genomes was reached (Nowell et al. 2014). Other
studies reported a positive association between sequence diver-
gence of core genes and divergence in gene content (Wolf et al.
2016). For example, the more distant the genomes of two E, coli
strains are, the fewer genes they share, although the relationship
was weak (Touchon et al. 2009, Rocha 2018, Haudiquet et al. 2022).
Sirnilarly, a study of 22 Myxococcus xanthus strains showed that the
number of gene differences is increased with phylogenetic dis-
tance as inferred from amino acid differences in the core genome
(Wielgoss et al. 2016). Since the estimation of diverged gene con-
tent may be biased by differences in genome size, the “genome
fluidity” metric was proposed as an unbiased estimate (Kislyuk et
al. 2011), which is positively associated with the core genome se-
quence divergence at synonymeus sites (Andreani et al. 2017).
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While these studies arrived at similar conclusions regarding
the rate of gene flux and phylogenetic relatedness, a direct com-
parison of the estimated rates across studies and taxa is challeng-
ing for several reasons. First, the size and the composition of the
core genome varies strongly depending on the pangenome taxo-
nomic composition (Vernikos et al. 2015), such that estimates of
core genome divergence vary across studies. Second, the criteria
for quantifying the number of shared genes between genomes (or
differences in shared genes) can be very similar or even identical
across studies, but the gene sets used to estimate sequence diver-
gence are not. As a consequence, most estimates for rates of gene
flux relative to sequence divergence are not comparable across
species, samples, taxonomic levels, or studies.

Here, we ask whether prokaryotic genomes harbor evidence for
a general correlation between the rate of gene flux into and out of
genomes as a function of sequence divergence. For this purpose,
we compared sequence divergence in a universal set of 36 proteins
that are present in almost all genomes across higher taxa and are
sufficiently conserved to be useful for comparisons at the deep-
est taxonomic levels (Hansmann and Martin 2000, Charlebois and
Doolittle 2004, Dagan and Martin 2006). We then tested for an as-
sociation between sequence divergence in these core genes and
gene content divergence in the complete genomes of 5655 taxo-
nomically diverse isolates as well as in 2872 metagenomic assem-
blies (MAGs).

Methods

Prokaryotic dataset

The prokaryotic clustering set was used from Brueckner and Mar-
tin (2020) including 5655 prokaryotic genomes, 19050992 pro-
tein sequences from the Reference Sequence database (RefSeq),
September 2016 from the National Center for Biotechnology In-
formation (NCBI; O'Leary et al. 2016). The clustering was created
using the Markov Cluster Algorithm (MCL; van Dongen 2008) as
previously described (Brueckner and Martin 2020, Nagies et al.
2020). In total, 450 283 protein families were detected and for pro-
tein families with at least four protein sequences multiple align-
ments were made with Mafft L-INS-I version 7.130 (Katoh 2002).

Due to large sample numbers, Proteobacteria and Firmicutes
were divided into classes. Archaea were divided into orders to al-
low multiple groups to be assessed. The resulting 59 prokaryotic
taxa comprise 41 bacterial and 18 archaeal groups that are called
higher taxa in the following (Table S1).

The dataset including MAGs was obtained from Garg et al.
(2021) including 103 assemblies from NCBI BioProject PRJN270657
and 2546 assemblies from BioProject PRINA288027 downloaded
in 2018. Additionally, 223 assemblies form the Microbial dark
matter project were added (Rinke et al. 2013). The dataset was
clustered using the following pipeline: to search for local align-
ments, an all versus all blastp was conducted using diamond
version 2.0.11 (Buchfink et al. 2015). Reciprocal best blast hits
(Wolf and Koonin 2012) with an e-value <1E-10 were aligned glob-
ally with the Needleman-Wunsch Algorithm (Emboss Needle ver-
sion 6.6.0.0; Rice et al, 2000). All global alignments with an Iden-
tity >25% were used for clustering into protein families, using
MCL (van Dongen 2008) version 14-137 with pruning parameters
-P 180000, -S 19800, and -R 25200 (P = Pruning, S = Selection, and
R =Recovery). In total, 285 787 protein families were detected. The
completeness and contamination of all MAGs was measured by
using CheckM v1.2.1 (Parks et al. 2015). Two out of the 2872 MAGs
were not included in the clustering.

Protein family annotation via KEGG

For protein family annotation, all clustered sequences from the
RefSeq dataset were blasted against the KEGG database using di-
amond 2.0.1 (Buchfink et al. 2015, Kanehisa et al. 2017). All best
hits with at least 25% identity and a maximum e-value of 1E-10
were used for annotation. Based on these hits, a KO and a name
were assigned to the clusters based on majority rule. Protein fam-
ilies, which contained equal to or more than 75% of unknown se-
quences, were not annotated to preserve the strict nature of the
annotation method.

Verticality values

Verticality is a measure for how often members of a given protein
family tend to recover monophyly of prokaryotic phyla in their
respective gene trees (Nagies et al. 2020). Verticality values used in
this analysis were obtained from the study by Nagies et al. (2020),
based on the same dataset used in this study.

Determination of IC gene set

For the 260 972 prokaryotic protein families of the RefSeq dataset
with a determined verticality value, a weight was calculated for
the number of genomes, the number of higher taxa as well as the
verticality. To obtain only one value per protein family, the average
weight was calculated. To avoid taking genes that are particularly
universal but not sufficiently vertical, or vice versa, the 50 protein
families with the best average weights were compared to the 100
most vertical, the 100 most universal protein families based on
number of genomes and to the 100 protein families that are most
widely distributed across all higher taxa. Protein families present
in all three lists and among the lowest 50 weights were assigned
as informational core (IC) genes (Table S2).

The corresponding metagenomic IC clusters were obtained by
using the reciprocal best cluster approach described in Ku et al.
(2015): if 50% of all sequences of a prokaryotic cluster have their
best hit in another cluster and if in this cluster also 50% of all
sequences have their best hit in the prokaryotic cluster, it can be
defined as a reciprocal best cluster. In the dataset, 36 IC genes
were found. For every IC gene a multiple sequence alignment was
calculated using Mafft L-INS-I version 7.505 (Katoh 2002).

Calculation of sequence divergence in the IC
gene set (ICD)

For all 15986685 prokaryotic genome comparisens in the Ref-
Seq dataset and for 4 100 275 genome pairs in the metagenomic
dataset, the average sequence divergence in the IC gene set was
calculated. In every genome comparison, for each IC gene (x), the
proportion of different sites (ICD,) in the multiple sequence align-
ment (a, length, = number of sites in the multiple sequence alignment)
was calculated with the following formula:

diff_sites,

ICDy = lengthy

The average proportion of different sites of all IC genes (n) is
then determined as IC gene divergence ICD per genome compari-
son.

1D = L= 1CDx
n
If a genome was not present in all 36 IC genes, the average diver-

gence (ICD) was calculated for all IC genes in which the genome
is represented by at least one protein,
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Figure 1. Comparison of number of higher taxa, number of genomes, and verticality for the IC genes (A) and calculation of gene sharing distance dsg
(B). (A) The number of higher taxa (x-axis) is plotted in relation to the number of genomes (z-axis) and verticality (y-axis) for the 36 defined IC genes
(red) and for all other protein families from Nagies et al. (2020) (black). Higher taxa include all phyla present in the dataset except of Proteobacteria
and Firmicutes, which were divided into classes due to large sample sizes and Archaea that were divided into orders to allow multiple groups to be
assessed. Gene names for the 36 IC genes are shown on the right part of (A) and are sorted by verticality (B). The gene sharing distance (ds;) was
calculated by assigning protein families from the compared genomes into two groups. Protein families present in both genomes are defined as paired
protein families, the others as unpaired protein families. The gene sharing distance (d,), which represents differences in gene content, was then
calculated by subtracting the proportion of paired protein families from one. We expect that genomes belonging to the same species (intraspecies
comparisons) have a higher proportion of paired protein families than genomes belonging to different higher-levels and thus show a lower gene

sharing distance (PG = protein families of genome)

Calculation of gene sharing distance (dsg)

For all 15986685 prokaryotic genome comparisons in the Ref-
Seq dataset and for 4100756 genome pairs in the metagenomic
dataset, the difference in gene content was calculated by compar-
ing the protein families corresponding to the compared genomes
(Fig. 1B). Two groups were defined, the paired protein families and
the unpaired protein families, Paired protein families are protein
families in which both genomes were represented by at least one
protein. If only one genome is present in the protein family, the
protein family corresponds to the group of unpaired protein fam-
ilies. The gene sharing distance ds, is defined as one minus the
number of paired protein families divided by the average number
of all protein families in the compared genomes.

Filtering for genome size and strains

To avoid overplotting, the original prokaryotic RefSeq dataset was
filtered for genomes with genome sizes within average higher taxa
genome size plus/minus one standard deviation. Additionally, to
reduce phylogenetic bias, only one random strain per species was
retained in the dataset. The resulting dataset comprises 1630
strains (Table S1).

Calculation of average nucleotide identity values
The average nucleotide identities (ANI) were calculated using Fas-
tANI v1.34 (Jain et al. 2018).

Calculation of rRNA sequence divergence

For every species represented by at least 10 strains in the prokary-
otic RefSeq dataset, rRNA sequences were downloaded from the
RefSeq database of NCBI. A multiple alignment for all sequences
was made with Mafft L-INS-I version 7.505 (Katoh 2002). Equal
sites were then counted and the proportion of equal sites from

all sites was subtracted from one to obtain the rRNA sequence
divergence per genome pair. Values for ds; calculated from the
prokaryotic dataset were assigned by using a random strain per
species.

Statistical tests

To analyse the relationship between the ICD and d; across
prokaryotic taxa, Spearman rank correlations and linear regres-
sion lines were calculated. The regression lines were evaluated do-
ing an analysis of residuals, including residual plots, mean square
residuals, QQ plots of residuals, and the Kolmogorov-Smirnov test
to test whether residuals are normally distributed. The Spearman
rank correlation and the linear regression were also applied for
the relationship between species-level accessory genome propor-
tion and y-axis intercept as well as for the relationship between
ICD and verticality of paired and unpaired protein families. To
compare the distributions of paired and unpaired protein families,
a paired t-test was applied. The cloud gene analysis was evaluated
using a one-way ANOVA. All statistical tests were performed using

python.

Calculation of average species level accessory
genome proportion per higher taxon

The average species level accessory genome proportion per higher
taxon are calculated based on intraspecies genome comparisons.
For every species, the average gene sharing distance (ds) of in-
traspecies genome comparisons was calculated. The mean of all
species level accessory genome proportions corresponding to a
specific higher taxa represents the average species level accessory
proportion per higher taxon. The analysis was made for all higher
taxa present in the filtered dataset, that are represented by at least
10 strains, 2 species, and with a P-value lower or equal to .05 from
the Spearman correlations between ICD and dg;.
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Calculation of absolute gene flux rates

Absolute gene flux rates were calculated by use of the relative
gene flux rates, which show the percentage of gene differences in
the genome per one % ICD. The absolute number of substitutions
in IC genes then correspond to one % of the average number of
sites present in the IC gene alignments. Gene differences at one %
1CD were then calculated by multiplying the relative gene flux rate
with the average nurnber of genes present in the higher taxa. Then
the number of gene differences at one substitution in the IC genes
could be calculated by dividing the number of gene differences at
one % ICD by the number of substitutions at one % ICD. The anal-
ysis was made for all higher taxa present in the filtered dataset,
that are represented by at least 10 strains and with a P-value
lower or equal to .05 from the Spearman correlations between ICD
and dg,.

Eukaryotic organelle dataset

From the RefSeq Database (NCBI) 207 plastid and 68 mitochon-
drial proteins were downloaded in October 2022 for the species
Porphyra umbilicalis and Reclinomonas americana as well as 189089
nuclear protein sequences for the higher eukaryotic group Dis-
coba. Additionally, for 150 eukaryotic genomes, 3420731 pro-
tein sequences were downloaded from the RefSeq Database, Jan-
uary 2018 (NCBI; O'Leary et al. 2016). The nuclear genome of
P. umbilicalis was downloaded from the universal protein knowl-
edgebase (UniProt Consortium 2021) in October 2022, including
13559 protein sequences. To obtain mitochondrial homologous
for prokaryotic IC genes, alphaproteobacterial IC gene sequences
were searched in mitochondrial protein sequences of model or-
ganism R. americana by using diamond 2.0.1 (Buchfink et al. 2015).
After filtering for identities higher or equal to 25%, a maximum
e-value of 1E-10 and a search for best hits, 11 mitochondrial ho-
mologous for IC genes were defined based on majority rule. The
remaining genes were searched in the Discoba proteome (24 1C
genes) and the eukaryotic genomes (25 IC genes). The same search
was made for cyanobacterial IC genes in plastid proteins of P. um-
bilicalis (14 IC genes) and in nuclear P. umbilicalis proteins (19 IC
genes) as well as in eukaryotic genomes (22 IC genes). This re-
sulted in four groups that represent the IC genes in mitochon-
dria or plastids combined from organelle and nuclear protein se-
quences.

Informational core gene divergence between
organelle genes and corresponding
alphaproteobacterial or cyanobacterial genes

For the four datasets of mitochondrial or plastid universal genes,
multiple alignments were made for every IC gene, using Mafft
L-INS-I v7.505 (Katoh 2002) including the organelle (mitochon-
drial or plastid) protein sequence and the alphaprotecbacterial
or cyancbacterial protein sequences corresponding to the IC gene
family, Average IC gene divergence (ICD) were then calculated be-
tween the organelle sequences and the corresponding prokaryotic
sequences as described above (see the section “Calculation of se-
quence divergence in the IC gene set (ICD)").

Results and discussion

The IC is vertically inherited

For the estimation of sequence divergence, we selected genes that
have a nearly universal distribution and a low degree of LGT ,
that is, a high level of verticality (Nagies et al. 2020). These pro-
portions are plotted for all protein families including at least four

genomes from two or more higher taxa, shown in Fig. 1(A). Higher
taxa include all phyla present in the dataset except for Proteobac-
teria and Firmicutes, which were divided into classes due to large
sample sizes and Archaea that were divided into orders to allow
multiple groups to be assessed. The 36 genes (red) that are widely
distributed across higher prokaryotic taxa and genomes and ex-
hibit high levels of verticality are mostly involved in information
processing (Rivera et al. 1998), hence we call this set the informa-
tional core (IC) (Table 52). On average, IC genes display a verticality
of 17.09 and are present in over 5585 prokaryotic genomes and 58
higher taxa. Verticality is a measure for how often members of
a given protein family tend to recover monophyly of prokaryotic
phyla in their respective gene trees (Nagies et al, 2020). In the data
set of Nagies et al. (2020), verticality values can vary between 0 and
42, however, the highest calculated verticality value was 24.0 for
30S ribosomal protein S10 (RP-510). By contrast, most of the other
non-IC genes (black) are distributed across few genomes (mean
number of genomes = 66, mean number of higher taxa = 2) and
are inherited much less vertically (mean = 0.15). Functional anno-
tations of the IC gene set using KEGG (Kanehisa et al. 2017) showed
that the IC, selected here on the basis of universal distribution
and verticality, comprises mainly genes encoding for ribosomal
proteins, in addition to amino acid tRNA synthetases, translation
elongation factors, RNA modifications enzymes, and several genes
involved in metabolism (enolase, 3-phophoglycerate kinase, and
pyrimidine synthesis enzymes). From the multiple amino acid se-
quence alignments of the 36 IC genes, we used the proportion of
amino acid differences in pairwise comparisons as a robust mea-
sure for evolutionary divergence between genome pairs, termed
here informational core gene divergence (ICD). The functional dis-
tribution of IC genes as well as their tendency to be vertically in-
herited is in line with previous studies about the properties of uni-
versally conserved (core) genes (Tettelin et al. 2005).

To quantify gene content differences for each genome pair, we
determined the proportion of paired protein families (Fig. 1B, light
red), which is the number of protein families in our clustered sam-
ple that is present in both of the compared genomes divided by the
average number of protein families present in the two genomes.
The proportion of paired genes, subtracted from one, yields an
estimate for gene sharing differences (ds;) between prokaryotic
genome pairs.

A clock-like rate of gene content change

Plots of ICD versus gene sharing distance (dy,) for pairwise
genome comparisons reveal a highly significant positive corre-
lation between evolutionary divergence and gene content differ-
ences (Fig. 2, left-hand panels; Fig. S1). Genome comparisons with
similar IC gene sequences show little difference in gene content,
whereas genome pairs with a high proportion of substitutions in
amino acid sequences in pairwise IC gene comparisons show large
differences in gene content. The plots for the raw data containing
all genomes per higher taxon are shown in the left-hand panels
of Fig. 2.

In Alphaproteobacteria and Gammaproteobacteria, some
genome comparisons have low gene content differences at high
ICD, which is caused by the presence of many genomes of en-
dosymbionts having highly reduced genomes (Moran and Bennett
2014, Wernegreen 2015) in these higher taxa (Fig. 2B and F). To
mitigate the influence of reduced endosymbiont genomes, we
generated data sets containing only genomes whose genome size
was within the average higher taxon genome size + 1 SD. Fur-
thermore, to avoid the effect of oversampling and phylogenetic
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Figure 2, Correlation between ICD (x-axis) and gene sharing distance (ds,; y-axis) of pairwise genome comparisons in prokaryotic higher taxa. Every
point represents one genome comparison and are colored based on the density of points. Spearman rank correlations and linear regressions between
ICD and dy, are calculated for every higher taxon. The resulting r? of the linear regression as well as the slope a are shown in the lower right comer (x
= Spearman rank P-value < .01). The upper part of the figure shows six highly sampled bacterial higher taxa and the lower part four archaeal ones. For
each prokaryotic higher taxon, two data sets were examined. Every left-hand panel, per taxon, shows the correlation in the original dataset (u). The
right-hand panel contains the correlation in the filtered data set (f). Thereby, only genomes were used whose genome size was within the average
higher taxon genome size + one standard deviation. Additionally, only one random genome per species was selected. Statistics of all prokaryotic

higher taxa sampled are listed in Fig. S1.
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bias, only one genome per species was retained in the dataset.
These plots for the data filtered for size and strains are shown
in the right-hand panels of Fig. 2. For almest all higher taxa, the
correlation remains almost unchanged relative to the unfiltered
dataset (Fig. 2, right-hand panels; Fig. S1), as only outliers are
removed.

We used the slopes of the linear regressions of plots of ICD ver-
sus dy, as an estimate for the relative gene flux rates per higher
taxon (Table 53). The calculated gene flux rates represent the pro-
portion of gene changes per 1% amino acid differences in the IC
gene set per higher taxon. When we compared taxa with suffi-
cient sample sizes, the rate of gene flux is similar across higher
taxa, varying within Bacteria from 2.04 for Chlamydiae to 3.47 for
Bacilli. In archaeal higher taxa, the lowest rate is 1.82 for Thermo-
coccales and the highest is 3.27 for Halobacteriales. On average,
the bacterial gene flux rate is 2.90 and the archaeal gene flux rate
2.57, yielding an average rate of 2.83% gene content change per
1% ICD. The similar gene flux rates across higher taxa show that a
regular, and averaged over long timescales, almost clock-like be-
havior of gene content change in genomes relative to amino acid
sequence divergence in the most universal and vertically inher-
ited genes exists in prokaryotes. The archaeal dataset used here is
limited to the largest groups of Euryarchaea and does not include
genomes from Asgard archaea or fast-evolving groups like DPANN
and CPR. The analysis is based on referenced cultured genomes,
whereby Asgard sequences from enrichment cultures comprise a
very small sample. The gene flux rates within archaea are similar
across groups sampled here, future studies will reveal whether
genomes from other archaeal taxa show similar or anomalous
rates of change for ICD versus ds;.

Based on the average number of genes per higher taxon and
the relative gene flux rates (Table S3) we calculated the number
of different genes per substitution in the IC genes, to estimate
absolute gene flux rates (Table 54). The average number of gene
differences per substitution in the IC gene sequences is five for
bacteria and four for archaea. However, in contrast to the rela-
tive gene flux rates (Table S3) the absolute rates vary substan-
tially from 1.29 (Chlamydiae) to 9.03 (Betaprotecbacteria). For ar-
chaea the highest rate of gene flux is found for Halobacteriales
(6.27) and the lowest for Thermococcales (2.41; Table S4). The ab-
solute gene flux rates are higher for free-living prokaryotes than
for prokaryotic endosymbionts due to different genome sizes and
the isolated nature of endosymbiont genome evolution (Clark et
al. 1999, Shigenobu et al. 2000, van Ham et al. 2003, Moya et al.
2008, Moran and Bennett 2014, Martinez-Cano et al. 2015).

The question arises whether the similar gene flux rates are also
present across different taxonomic levels. Therefore, we analysed
the relationship between ICD and ds; at lower taxonomic levels.
The correlation remained nearly constant except of taxa cn the
species level (Fig. 52a and Table S5) because ICD between genomes
corresponding to the same species is too close (Fig. 3D). In order
to better quantify gene flux at or near the species level, we used
a genome-based measure for species-level divergence, ANI (Kon-
stantinidies and Tiedje 2005, Goris et al. 2007, Wright and Baum
2018). We calculated the ANI for all genome pairs, using FastANI
(Jain et al. 2018). For direct comparison to the ICD measure, we
calculated the average nucleotide differences by subtracting the
ANI from 1. This measure provides a higher resolution for the
intraspecies genome comparisons compared to ICD, showing a
range of 0%-12% 1-ANI at an ICD range of 0%-1% (Fig. 3). The rela-
tionship between 1-ANI and gene sharing distance from species-
to order-level shows that the positive correlation holds for all tax-
onomic levels (Fig. S2b and Table S5). As noted in previous studies

at the species and genera level (Wright and Baum 2018, Hassler
et al. 2022), a correlation between ds; and 165 rRNA sequence di-
vergence is not observed, as the latter tend to saturate at pairs
distributed near 0.3 16S rRNA sequence divergence (Fig. $3).

By comparing the estimated relative rates of gene flux based
on the slopes of the regression lines between ICD and dy,, we see
that the rate of gene content change is not constant across taxo-
nomic levels. The relative gene flux rates decrease with increasing
phylogenetic divergence even if the differences are small except
for the species level where the rates are much higher than on all
other taxonomic levels. (Fig. S4a and Table S6). This could indi-
cate that the mechanism of gene content change within species
and between species are different, as suggested by Baumdicker
and Kupczok (2023). From the genus level onwards, the slopes de-
crease slowly with increasing phylogenetic depth, which can re-
sult from sequence saturation in distance comparisons (or poten-
tially from, genes that are gained, lost, and regained). The highly
disparate gene flux rates within species and between species are
also shown by comparing the relative gene flux rates based on the
slopes of the linear regression between 1-ANI and d, (Fig. S4b and
Table S6). However, at taxonomic levels of genus, family and order
the gene flux rates are similar.

Since the estimation of gene flux rates is based on linear re-
gressions, which assume a normal distribution of residuals and
low variance of y-values at all x-values, we performed residual
analysis for the regression between ICD or 1-ANI and ds; for all
higher taxa and on lower taxonomic levels (Figs S5-58). The corre-
lations of ds; with 1-ANI and ICD, though highly significant, were
not strictly linear. High values of 1-ANI and ICD as well as low
values of ICD show deviation from linearity (Figs S5 and S6). The
deviation of high values of 1-ANI can be explained by the limita-
tions of the method: ANI values can only be estimated up to about
20% 1-ANI because the values saturate (Fig. 4). ICD seems to be
a robust measure at higher divergence. However, at values of ICD
close to zero, no correlation is visible between ICD and ds; because
no difference in ICD values is detectable (Fig. 4B). To investigate
improved fit of the regression line between ICD and dsg, we per-
formed logarithmic fits on genome comparisens of higher taxa as
performed in previous studies (Touchon et al. 2009, Wielgoss et al.
2016, Andreani et al. 2017, Rocha 2018) including log-log transfor-
mations, log transformation of y-values (gene content differences,
dsy) and log transformation of x-values (ICD). The log-log transfor-
mations of ICD and dg, values improved the 12 values form the re-
gression line in most higher taxa sampled and thus the fit (Fig. $7),
especially in the unfiltered dataset (Fig. $8). However, the resid-
ual analysis from linear regressions on log-log transformations
were often worse than (or equal to) that observed when analysing
the linear regressions between ICD and ds; without transforma-
tions (Figs S7 and S8). Linear regression on transformations of ei-
ther ICD values or dsy values resulted in worse fit than that found
for linear regression between ICD and d, (Figs 57 and S8). Even
though a power function (log-log transformation) gave a better
fit of the regression line, we show the linear regressions of raw
values without transformations, because neither are strictly lin-
ear (though obviously close to linear), and the residual analysis of
raw values is better than (or not worse than) that observed with
transformed data. Saturation of d;; estimates at higher ICD val-
ues might stem from genes that are gained, lost, and regained at
appreciable frequency in the current sample.

At low values of ICD in the raw dataset, vertical “icicle-like
structures, equidistant point groups (EPGs) can be observed (Fig. 2,
left-hand panels). Genome pairs that generate EPGs have little
or no ICD, but vary with respect to gene content differences, We
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Figure 3. Relationship between 1-ANI and ds; (A-C) as well as ICD and d., (D-F) for E. coli, Escherichia, and Enterobacteriaceae. Every point represents
one genome comparison and are colored based on the density of points. Spearman rank correlations and linear regressions between ICD and d;, are
calculated for every taxon. The resulting r? of the linear regression as well as the slope a are shown in the lower right corner (* = Spearman rank
P-value < .01). For each prokaryotic taxon, two data sets were examined. Every left-hand panel, per taxen, shows the correlation in the original dataset
(u). The right-hand panel contains the correlation in the filtered data set (f). Thereby, only genomes were used whose genome size was within the
average higher taxon genome size + 1 SD. Additionally, only one random genome per species was selected.

colored the genome pairs according to their taxonomic affiliation
to highlight the dependence of EPGs upon phylogenetic structure
of the data (Fig. 5). The colors indicate the lowest common tax-
onomic level of genome pairs. Comparisons between genomes
from the same species are colored pink and comparisons be-
tween genomes from the same phylum are colored gray. EPGs are
only observed when genome pairs belong to the same species
or genus (Fig. S5A, upper left enlarged section). When we com-
pared one genome of a species with all other genomes corre-
sponding to the same species, the differences in their gene con-
tent become greater from genome to genome, forming the EPG
(Fig. 5B). This indicates that every EPG reflects the growth of the
accessory genome as more genomes are added to the species-level
pangenome. At higher evolutionary divergence, the EPGs are lost
(Fig. SA, lower right enlarged section), because as taxonomic diver-
gence approaches the phylum level, the shared component of ac-
cessory genocmes in pairwise comparisons also approaches zero.
This leads to a narrower distribution of gene sharing values for
taxa with shared genes in the accessory genome in comparison
to other species with increasing sequence divergence. One might
argue that EPGs can also be formed by low-quality gencmes. How-
ever, all genomes used in this portion of our analysis are complete
genomes. The presence or absence of the EPGs represents the phy-
logenetic structure of the data, even though no trees were used for

the calculation of the ICD. In the filtered dataset (Fig. 2, right-hand
panels), the EPGs are no longer visible due to lacking intraspecies
comparisons, as only one strain per species was retained in the
dataset.

The y-axis intercept of the regression lines in Fig. 2 rarely goes
through the origin. In most higher taxa, y-axis intercept assumes
a value between 0.2 and 0.4. This means that in pairwise genome
comparisons with zero ICD, the differences in pairwise gene con-
tent are 20%-40%. That is, at zero ICD, roughly 60%-80% of genes
in a given comparison are shared. These 60%-80% paired genes
are similar to the 70% value of DNA-DNA sequence hybridiza-
tion (DDH), used in the 1960s and 1970s to delineate prokary-
otic species (Wayne et al. 1987). The value of DDH correlates pos-
itively with the proportion of conserved DNA sequences (>90%
sequence identity) in genomes pairs (Goris et al. 2007). In the
present study, the y-axis intercept reflects the gene content di-
vergence in genome pairs with identical ICD. In DDH, noncon-
served sequences (<90% sequence identity) correspond to the
proportion of nonshared genes in pangenome analysis, which
belong to the accessory genome (Tettelin et al. 2005). In previ-
ous species level pangenome analyses, the proportion of acces-
sory genes per genome typically varied between 0.2 and 0.5, cal-
culated as 1 minus the proportion of species-level core genes
in prokaryotic genomes (Tettelin et al. 2005, Rasko et al. 2008,

20z Jaquieldag £z UO JOSN LIOP|aSSaN( ¥AUIOlIqIISAPUET PUN ~SJORYSIBAUN AQ €4 /€1 //B90PBU/BISWAY/EE0L 0 L/IOP/BIOIE/RISWaY /WO dno'olWapEse//:Sdny Woy papeojumoq

27



Publikationen

8 | FEMS Microbiology Letters, 2024, Vol. 371

(A) (B)

0.40 4 Escherichia coli
FA 10
0.35
0.30 - 8
0.25
=)
O 0.20- 8
0.15 -
4 1.
0.10 - e
0.2 I
0.05 2 € -
0.1 /
0.00 - - 1-ANIL
' ; . , , . 0.00 0.01 0.02 0.03
0.00 0.05 0.10 0.15 0.20 0.25 1-ANI

1-ANI

Figure 4. Relationship between 1-ANI and ICD for all genome pairs with calculated ANI from FastANI. (A) Relationship between 1-ANI (x-axis) and ICD
(y-axis) for all genome pairs with calculate ANI (n = 397 578). Every point represents one genome comparison and is colored based on the density of
points. (B) Relationship between ICD or 1-ANI (x-axis) and dg, (y-axis) for prokaryotic taxon E. coli. Every point represents one genome comparison and
is colored based on the density of points.

(A) » Species Genus oFamily e®Order ®Class  ePhylum (B) ErGs

0.9

4 |02
08 x <

"
1.

07 - 3

89 Dol
TS

06| y .

0.5 1

0.4 1

0.3 1
0.8

0.2 1

e
i

o

0.1 7

0.7 -

AYIVAV)

20z Jaquieldag £z UO JOSN LIOP|aSSaN( ¥AUIOlIqIISAPUET PUN ~SJORYSIBAUN AQ €4 /€1 //B90PBU/BISWAY/EE0L 0 L/IOP/BIOIE/RISWaY /WO dno'olWapEse//:Sdny Woy papeojumoq

0.0

0.000 0025 0050 0075 0.100 0125 0175 0200 0.215
ICD

Figure 5. Correlation of ICD and dg; of Chloroflexi. (A) Enlarged view of the correlation between ICD (x-axis) and dg; (y-axis) of the bacterial taxon
Chloroflexi. Points represent genome comparisons and are colored by the lowest equal taxon of the genomes. Equidistant point groups (EPGs) are
shown in intraspecies comparisons in the upper left enlarged section. In lower taxonomic groups, like intraspecies and intragenus comparisons, EPGs
are formed by genome comparisons that have a nearly identical average frequency of substitutions in IC genes but differ in their gene content. In
intraphylum comparisons, the EPGs are lost {lower right enlarged section). Panel (B) shows possible tree structures that could represent EPGs of
intraspecies comparisons.

28



Publikationen

Schoen et al. 2008, Scaria et al. 2010, van Schaik et al. 2010, Bu-
dronietal, 2011, Park et al. 2019). This value is close to the average
proportion of gene content differences between genomes having
zero ICD across higher taxa found here

Thus, the y-axis intercept provides a rough estimate for the pro-
portion of accessory genes in genomes of the same species within
the higher taxon. To test this, we calculated average species-
specific accessory genome proportions per higher taxon based on
the proportion of unpaired genes in pairwise genome comparisons
corresponding to the same species. To avoid bias from small sam-
ples, only higher taxa represented by at least 10 strains, 2 species
and a P-value < .05 from the correlations calculated in Fig, 2 and
Fig. S1 were used. The average species accessory genome propor-
tions as well as the y-axis intercept were taken from the filtered
dataset to avoid phylogenetic bias. The average species-level ac-
cessory genome proportions and the y-axis intercept values in-
ferred from the regression lines are quite similar (Table $7) and
correlate positively at P < .01 (Fig. 59 and Table S7). That is, the y-
axis intercept inferred from the entire history of the higher taxon
delivers an estimate for the average accessory genome proportion
in current genomes. This is interesting per se, but it is also evidence
for the existence of pangenomes throughout the evolutionary his-
tory of prokaryotes.

To analyse the influence of cloud genes, genes that are present
in only a few genomes or in only one genome, we excluded pro-
tein families containing proteins from less than 5%, 10%, 15%, or
20% of all genomes from the gene sharing distance calculation.
We then compared the statistical results of the correlation and
regression between the ICD and each filtered gene sharing dis-
tance dataset and the dataset including all protein families. For
the Spearman rank correlation coefficient (r;), the slope a, and
1? of the regression line, no differences are shown (Fig. 510 and
Table S8). The y-axis intercept decreases as more genes are ex-
cluded. This makes sense because the y-axis intercept represents
the propertion of accessory genes per genome, including genes
that are only present in a few genomes or only in one. Therefore,
we cannot see any effect of cloud genes on the analysis.

The accessory genome is always more affected
by LGT

Accessory genes are generally thought to be more often trans-
ferred between genomes and to contribute to functions impor-
tant for the adaptation to a specific niche, whereas core genes
are more conserved and tend to include housekeeping functions
(Tettelin et al. 2005, 2008, Kung et al. 2010, Vernikos et al. 2015,
Brockhurst et al. 2019). To see whether this aspect is captured by
our approach, we plotted the average verticality of genes that are
present in both genomes (paired) versus the average verticality
of those that are missing in one genome of the pair (unpaired)
for all genome pairs (Fig. 6). The verticality distributions between
paired (red) and unpaired genes (gray) are significantly different
for all genome comparisons cerresponding to the same higher
taxon (P = .0; Table S9) and are furthermore nonoverlapping sets.
With evolutionary divergence, the verticality of paired genes as
well as for unpaired genes increases. However, the slope for paired
genes is much higher (a = 22.57) than the slope for unpaired
genes (a = 2.89). The average verticality of paired genes increases
because the more different two genomes are, the fewer genes
they share. These genes are highly conserved and furthermore ex-
hibit high verticality. The higher y-axis intercept for paired genes
(paired genes y-axis intercept = 1.84, unpaired genes y-axis inter-
cept = 0.34) shows that at zero ICD, accessory (unpaired) genes
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Figure 6. Comparison between average verticality (y-axis) of paired and
unpaired protein families and divergence in IC genes (x-axis) in the
filtered dataset. Paired protein families are defined as protein families in
which both genomes of a genome comparison were represented by at
least one protein. If only one genome is present in the protein family, the
protein family corresponds to the group of unpaired protein families. For
every genome pair two points are plotted. The average verticality of
paired genes and the average verticality of unpaired genes in the
compared genome pair relative to the sequence divergence in the IC
genes from the compared genomes. The color of the points represents
the density in the region near the point. Spearman rank correlations and
linear regressions between ICD and ds, are calculated for paired protein
families and unpaired protein families (number of genome

pairs = 124 447). The resulting r* of the linear regression as well as the
slope a are shown next to the regression lines (% = Spearman rank
P-value < .01).

are always less vertical than core (paired) genes. This also holds
for higher ICD, because all 124 447 compared genome pairs have a
higher verticality for paired protein families than for unpaired, ex-
cept for one comparison between two Mollicutes genomes (Spiro-
plasma mirum and Spiroplasma atrichopogonis). The analysis of the
unfiltered dataset gave the same result (Fig. S11 and Table $9),
whereby 88 of 2229958 comparisons have a higher average ver-
ticality for unpaired protein families than for paired ones, yet al-
ways belonging to the same species or genus.

The nonoverlapping verticality distribution for paired and un-
paired genes in every genome comparison (Fig. 6) might suggest
that the two gene sets are drawn from different samples, but be-
cause one and the same gene can be paired (core) in one com-
parison but unpaired in ancther, the two sets delineated in Fig. 6
simply indicate that the accessory genome is vastly more prone
to LGT than the core genome in every genome comparison. This
does not mean that core genes cannot be affected by LGT, however,
it shows that accessory genes are far more readily transferred
(Nesbg et al. 2001). An analysis of the frequency of functional cat-
egories (KO) from KEGG (Fig. S12; Kanehisa et al. 2017) revealed
that, as expected genes belonging to the category translation were
more frequent in the paired set than in the unpaired. The most
common KEGG B functional annotation for unpaired genes is virus
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information processing (Table $10). It is known that prokaryotic
genomes have core and accessory components (Medini et al. 2005,
Tettelin et al. 2005, 2008, Vernikos et al. 2015, Brockhurst et al.
2019). What Fig. 6 shows, is that in all comparisons, the acces-
sory (unpaired) component is always comprised of genes that are
transferred more frequently (they are less vertical), This is consis-
tent with the observation that the tendency for a gene to undergo
LGT is restricted by the presence of a preexisting copy (Nagies et
al. 2020). It is also consistent with the early observation by Roger
Milkman (1996) that “The structure of genetic variation in a bacterial
species is the result of recombination superimposed upon the repeated
formation and spread of clones”, whereby recombination in prokary-
otes is never reciprocal and need not require donor and acceptor
to belong to the same species, genus, phylum, or domain.

High-quality MAGs show similar rates of gene
flux

MAGs have gained much attention in recent years, as cultured
genomes are estimated to account for only a very small frac-
tion of all prokaryotic organisms on earth (Lok 2015). Since many
prokaryotes cannot be cultivated or only under difficult or expen-
sive laboratory conditions, DNA samples are taken from the envi-
ronment and are categorized into genomes—MAGs—using meth-
ods that assemble genome sized bins (Garza and Dutilh 2015).
However, these methods are far from perfect (Garza and Dutilh
2015). As a consequence, programs have been developed to esti-
mate the quality of MAGs. One of the most widely used methods
for cross-checking MAGs is CheckM (Parks et al. 2015), which uses
(1) marker genes that are specific to the genome’s lineage, inferred
from a reference genome tree, and (i) marker genes that are usu-
ally single-copy in genomes of cultivated species, to calculate the
completeness and the redundancy (contamination) of the MAG,
respectively.

The two parameters estimated by CheckM are related to—but
not identical to—the genomic pararneters that we have investi-
gated here, even though we do not use a reference tree or score
genes as single copy. ICD contains evolutionary information (pair-
wise distances between genomes), but invelves no tree, while dyg
gives information about how many genes are shared between two
genomes, but not which genes, specifically, are shared.

Because a very similar pattern and correlation between ICD
and d,, is observed across a wide spectrum of genomes of cultured
strains, it was of interest to see how MAGs appear when viewed
from the standpoint of ICD versus ds,. For that, we clustered a
dataset of 2872 MAGs that contained a spectrurn of assemblies
with varying quality. The metagencmic data were clustered us-
ing the same methods as for cultured strains, values of ICD and
dsy were calculated accordingly. Completeness and contamination
values were calculated using CheckM (Park et al. 2015) as the qual-
ity measure, defined by Parks et al. (2017), providing a filter for the
quality of metagenome assemblies. This quality measure is calcu-
lated by subtracting five times the contamination from the com-
pleteness (Parks et al. 2017), a procedure that at high stringencies
yields metagenome assemblies resembling genomes of cultured
strains. We filtered the MAGs for different qualities, ranging from
no filter (at least 0% quality) to at least 90% quality and performed
correlation and linear regression analysis between ICD and ds, for
each dataset (Fig. 7).

At quality thresholds <50%, there is a visible tendency of pair-
wise comparisons from assemblies with ICD = 0 to span the full
range of 0 < dyy < 0.8. This reflects the existence of unusually dis-
parate gene collections in low quality assemblies that are closely

related by the measure of ICD divergence (ICD <0.05). Alsc at qual-
ity thresholds <50%, there is a tendency for assemblies to exhibit
dsg =~ 1 across all values of ICD. This reflects a class of assemblies
that have gene collections more disparate than that observed for
cultured strains, independent of ICD. At the same time, values of
ICD often exceed 0.35 for low quality assemblies, something not
observed for cultures strains, even in bacterial-archaeal compar-
isons (Fig. 8), suggesting that in low quality assemblies, IC genes
may contain erroneous sequence information. With increasing
quality filter stringency, however, MAGs reflect the properties of
cultured strains with respect to gene flux rate.

In Fig, 7 it is clearly shown that r* from linear regression be-
tween ICD and ds, increases with the quality of metagenomes
data. The highest value is calculated for the dataset using MAGs
with at least 90% quality (Fig. 7J). Values for 100% quality are not
shown because only one MAG was estimated to have a quality
of 100%. As r? in cultured genomes generally varies between 0.60
and 0.95 (Fig. S1) a reliable prediction of statistical values between
the correlation and regression of ICD and d;, for dataset including
MAGs is only possible by using high-quality MAGs of more than
80%. In lower-quality datasets an overrepresentation of genome
pairs that exhibit extremely high ICD values is shown (Fig. 7A-F)
as well as genome pairs with low ICD but high gene content differ-
ences (dg; Fig. 7A-D). The similar properties of cultured genomes
(Fig. 2 and Table S3) and high-quality MAGs (Fig. 71-J) including r?,
the relative gene flux rates (a) and the y-axis intercept from the re-
gression lines between ICD and dsg, indicates that a constant gene
flux rate across higher prokaryotic taxa, with high gene flux within
the accessory gencme and lower flux in the core, also applies to
MAGs, if the quality of the data is high.

Pangenome structure throughout prokaryote
evolution

On the basis of pairwise genome comparisons, we can observe a
clock-like rate of gene turnover within higher taxa, which can be
used to estimate species-level accessory and core genome sizes
and which properties reflect the phylogenetic structure of the
data. Since LGT events are also detectable between superking-
doms, primarily between archaea and bacteria (Rest and Mindell
2003, Gophna et al. 2004, Boto 2010), the last universal common
ancestor (LUCA) (Weiss et al. 2016) might have had the ability to
undergo LGT, and therefore a genome containing core genes with
mainly vertical inheritance and accessory genes that are in per-
manent flux (Woese 2002, Nagies et al. 2020).

To test whether LUCA might have had similar rates of gene
flux as found in current genomes, we expanded the analysis
from Fig. 2 to all pairwise genome comparisons within prokary-
otes (Fig. 8), including bacterial and archaeal genome compar-
isons corresponding to the same higher taxon (bacteria number of
genome pairs = 123 940; archaea number of genome pairs = 507),
genome comparisons corresponding to different higher taxa (bac-
teria number of genome pairs = 1013 846; archaea number of
genome pairs = 6753) and intersuperkingdom comparisons be-
tween archaea and bacteria (number of genome pairs = 182 589)
from the dataset filtered for genome sizes and strains. The rates
for bacterial and archaeal comparisons corresponding to only cne
higher taxon (bacterial slope = 2.51, archaeal slope = 2.07) are
close to the average rates calculated in Table S3, with small dif-
ferences attributable to genome comparisons corresponding to
higher taxa with small sample sizes. The correlation between ICD
and dsg also holds for deep genome comparisons corresponding to
different higher taxa and intersuperkingdom comparisons (P = .0)
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Figure 8. Correlation between ICD and gene sharing distance (ds;) for prokaryotic genome pairs in higher taxonomic ranks. Correlation between ICD
(x-axis) and dy, (y-axis) of bacterial and archaeal genome pairs corresponding to the same higher taxon (within higher taxa), bacterial and archaeal
genome pairs corresponding to different higher taxa (between higher taxa), and intersuperkingdom genome comparisons. Every point represents one
pairwise genorne comparison and is colored based on affiliation of the compared genomes to bacteria (blue), archaea (green), or both (purple). Lighter
blue and green show pairwise comparisons between genomes corresponding to the same higher taxon. Darker blue and green shows comparisons

corresponding to different higher taxa.

as well as the verticality distribution for paired (high vertical-
ity) and unpaired genes (low verticality; Fig. S13). This indicates
that the basic mechanisms of gene content change in prokaryotic
genomes—rapid turnover of genes in the accessory genome and
slow gene flux in the core genome—has been operational since
the divergence of the bacterial and archaeal lineages. However, the
slope decreases, yet we have not applied any kind of correction for
multiple events on either axis in order to obtain low-parameter
estimates. In pairwise comparisons of bacterial genomes corre-
sponding to different higher taxa, the estimated gene flux rate
is 1.80% gene content differences at 1% ICD, between superking-
doms 0.78%.

A persistent rate of flux relative to ICD could indicate that a
pangenome structure has persisted throughout prokaryotic his-
tory. Our analyses provide neither an estimate for the size of
LUCA's pangenome nor an estimate of which genes, specifically, it
contained. The data do, however, reveal that the rate of gene con-
tent change is roughly constant as far back as our sample probes
the bacterial and archaeal lineages, indicating that the average
rate of gene content change that we observe today has existed
throughout prokaryotic evolution all the way back to the first free-
living cells. This, in turn, traces a pangenome structure—a core
genome and an accessory genome—back to the common ances-
tor of bacteria and archaea.

A possible application of our procedure to pangenomes con-
cerns their impact on the origins of organelles (Esser et al. 2007,
Ku et al. 2015). We embarked upon estimation of the number
of genes that have persisted in any individual bacterial genome
that shared common ancestry with the mitochondrial ances-
tor or with the cyanobacterial ancestor. However, the degree of
sequence divergence between the bacterial and nuclear homo-
logues of organelle-encoded or organelle-derived IC genes (0.4

0.5; Table S11-Supplemental Results) exceeds that observed from
prokaryotic genomes (0.35; Fig. 8) such that the current method
does not permit interpolation.

Conclusion

Using universally applicable proxies for genome divergence, we
found very similar rates of gene flux across all higher prokary-
otic taxa sampled. Gene content divergence in prokaryotic acces-
sory genomes correlates linearly two measures of sequence diver-
gence, ANI (nucleotides) and ICD (amino acids), which in turn indi-
cates a clock-like rate of gene flux across higher prokaryotic taxa.
The analysis shows that a universal rate of gene flux is present
at all taxonomic levels, with higher gene flux within species than
across higher taxoncmic groups. Baumdicker and Kupczok (2023)
proposed that within-population gene gain spreads genes within
the population, and between-population gene gain leads to the
acquisition of novel genes. This is consistent with our cbserva-
tion that within species, gene flux rates differ across taxa, while
between species the rates remain similar.

Our use of a measure for lineage divergence that is gener-
ally applicable across comparisons of all higher prokaryotic taxa
allowed us to lock deeper into time than the genus or species
level, where ANI performs well, The generally linear correlation
between gene content differences and ICD holds as far back
as any of these lineages can be traced, including the archaea-
bacteria split. This indicates that the rate of genome flux and the
pangenome structure of modern prokaryotic genomes is as an-
cient as prokaryotes themselves. This is an independent line of
evidence indicating that LGT is a natural component of genome
evolution in prokaryotes and has been in operation throughout
the entirety of their evolution.
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There is an ongoing debate about the main evolutionary forces
shaping gene content in pangenomes (Vos et al, 2015), Here, we
have observed similar and constant rates of gene flux across
prokaryotic taxa. By analogy to nucleotide substitution rates, this
could suggest a neutral or nearly neutral nature of gene flux
in prokaryotes (Baumndicker and Kupczok 2023), compatible with
Kimura's neutral theory (Kimura 1968) or the nearly neutral the-
ory proposed by Ohta (1973). However, similar gene flux rates
across species can also be obtained using selective models (Bar-
rick et al. 2009). Neither mechanism can be expected to explain
all fixation events. Both neutral and selective mechanisms likely
influence the rate and frequency of genes fixed by flux between
the accessory genomes of prokaryotes.
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Molecular oxygen is a stable diradical. All O,-dependent enzymes employ a
radical mechanism. Generated by cyanobacteria, O, started accumulating on
Earth 2.4 billion years ago. Its evolutionary impact is traditionally sought in
respiration and energy yield. We mapped 365 O,-dependent enzymatic reac-
tions of prokaryotes to phylogenies for the corresponding 792 protein fami-
lies. The main physiological adaptations imparted by O,-dependent enzymes
were not energy conservation, but novel organic substrate oxidations and O,-
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Oxygen-dependent enzymes evolved in ancestrally anaerobic pathways for
essential cofactor biosynthesis including NAD™, pyridoxal, thiamine, ubiqui-
none, cobalamin, heme, and chlorophyll. These innovations allowed prokary-
otes to synthesize essential cofactors in O,-containing environments, a
prerequisite for the later emergence of aerobic respiratory chains.

Keywords: aerobic metabolism; evolution of aerobes; evolution of
respiration; great oxidation event; lateral gene transfer; oxygen inhibition

The Great Oxidation Event, GOE [1], divides Earth’s
history close to its midpoint. Roughly 2.4 billion
years ago (Ga), photosynthetic prokaryotes with two
chlorophyll-based photosystems linked in series—cya-
nobacteria—evolved the molecular tools needed to
extract electrons from H,O, and to use them to fix
CO; and N, for growth [2,3]. Oxygen made by cya-
nobacteria is ground state triplet O,, a stable diradi-
cal with two unpaired electrons of identical spin. Its
structure is better written as *O-O" instead of O=0

Abbreviations

to underscore its diradical nature [4] (Fig. 1). Radi-
cals are molecules having unpaired valence electrons.
They have the property of extracting single electrons
from available donors so as to restore a stable octet
electron configuration, converting the donor into a
new radical in the process. Though most radicals are
extremely reactive [5], the O, diradical is generally
unreactive [6]. It is kinetically stable because each of
the unpaired electrons in O is delocalized over a
two-center, three-electron n bond, resulting in a very

GOE, great oxidation event; LGT, lateral gene transfer; OEC, oxygen-evolving complex; PAL, present atmospheric level; PLP, pyridoxal phos-
phate; ROS, reactive oxygen species; SLP, substrate-level phosphorylation; SOD, superoxide dismutase; V, verticality.
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Fig. 1. A timeline of Earth history with the rise of O, and the appearance of relevant groups of prokaryotes. Blue boxes emphasize the
GOE, the onset of O.-dependent enzymes, and questions concerning their evolution and functions. The number 365 represents the number
of O,-dependent reactions in KEGG that we mapped to protein families (see text). SOD: superoxide dismutase; Nox: NADH oxidases
(diaphorases), which are oxygen detoxifying enzymes [9]. Data from references [1,2,10-14]. Note that ultra-light carbon in 3.8 Ga rocks can
be interpreted as evidence of both archaeal methancgens [15] and bacterial acetogens, which carry the same isotope signal [16], because
both fix CO; via the acetyl-CoA pathway. A broken line reaching to 10% PAL around the end of the GOE indicates the Lomagundi excursion
[10]. The reasons why O, levels remained near the Pasteur point for 1.8 billion years are still discussed. Numerous geological causes [10]
and one biological cause [12] for the existence of the boring billion have been proposed. It is undebated that cyanobacteria {and their
descendants, plastids) generated the current global supply of O, via one single enzyme and one single enzyme activity: the conserved
Mn,CaOs-containing oxygen-evolving complex (OEC) of photosystem Il. O, is written as #0-Oe instead of O=0 to underscore its diradical
nature [4]. By 3.4-3.3 Ga, anoxygenic photosynthetic prokaryotes were generating stromatolites in aerial settings [17].
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large resonance stabilization energy, and consequently
a high activation energy barrier [4]. Despite this, O,
has a very weak o bond [4], which renders O, an
extremely energy-rich molecule [7], so energy-rich that
it undergoes exergonic redox reactions with every ele-
ment except gold [8].

From the origin of the first microbes roughly 4 Ga
to the onset of the GOE, the Earth’s oceans and
atmosphere were effectively devoid of O, [10]
(Fig. 1). At the GOE, O; became introduced into
Earth’s oceans and atmosphere to approximately 1%
of its present atmospheric level (PAL), and stayed
more or less constant at this level for roughly
1.8 billion years. O, levels started to rise again about
580 million years ago, approaching modern values
with the advent of land plants ca. 450 million years
ago [10-13]. This protracted low oxygen phase of
Earth history from 2.4 Ga to 0.58 Ga has been called
the ‘boring billion’ [14] to emphasize the lack of geo-
logically interesting events during that period of O,
stasis, but it has also been called the ‘Pasteurian’ era
of life’s history [18] to emphasize the crucial observa-
tion that O, levels of 1% PAL correspond to the
Pasteur point—the level of ambient oxygen (ca. 1%
PAL or 0.2% v/v) at which facultative aerobes switch
their terminal acceptors from anaerobic to aerobic
respiration. The “boring” Pasteurian billion was the
era during which prokaryotes learned to cope with
the reactivity of O, to use O, for their own benefit,
and to evolve alternatives to enzymes that were
inhibited by O, (Fig. 1).

Prokaryotes were eye witnesses to the GOE. Since
they lived before, during, and after the GOE (Fig. 1),
their O,-dependent enzymes should hold clues about
the impact of O, on physiological evolution. To char-
acterize the impact of O, in biochemical evolution, we
identified 365 enzymatic reactions of prokaryotes that
utilize O, in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database [19] and that map to phy-
logenies of prokaryotic genes [20]. The results provide
novel insights into the impact that O, exerted on
microbial evolution, the nature of physiological traits
that O,-dependent enzymes imparted, and the dispersal
of genes for O,-dependent enzymes viz lateral gene
transfer (LGT) following the GOE.

Materials and methods
Collection of oxygen-dependent and
oxygen-independent reactions

Data for 11804 metabolic reactions were downloaded from
the KEGG [19] reaction database (version 10th August

Oxygen diradical impact on prokaryotic evolution

2022). Additionally, we manually added the reaction linked
to superoxide dismutase (SOD; R00275). In KEGG, SOD
was linked to an enzyme commission (EC) number, which
was in turn linked to the KEGG orthology identifier (KO)
for SOD. However, there was no direct link between the
SOD reaction and the KO. As there was no discernable
reason for this, we added the enzyme SOD and its reaction
for the qualitative descriptions of this paper.

The data of the 11805 reactions were subsequently fil-
tered for reactions involving O, (KEGG compound
C00007), yielding a set of 1949 O,-dependent reactions,
most of these being specific to eukaryotes. The reactions
were mapped to prokaryotic protein families using KEGG
orthology to link reactions to sequences. Protein families
were created using MCL [21] as previously described
[20,22], and only protein families with 4 or more sequences
were used in this analysis. Only reactions that we could link
to prokaryotic protein families were retained, yielding 365
O>-dependent reactions mapped to 792 protein families
occurring in prokaryotes, referred to as the O;-dependent
reaction set. Of the remaining reactions, a set of 3018 pro-
karyotic reactions linked to prokaryotic protein families,
making up the O,-independent reaction set (Table S1). See
Data accessibility for access to protein family data. For
protein family annotation, all clustered sequences were
blasted against the KEGG database using Diamond 2.0.1
[23]. All best hits with at least 25% identity and a maxi-
mum e-value of 1x 107" were used for annotation. Based
on these hits, one KO (KEGG orthology identifier) annota-
tion was assigned to each protein family based on majority
rule (Table S2). Protein families which contained at least
75% of unknown sequences without any hits in the KEGG
database were not annotated.

Verticality distribution of O>-dependent and
0Oz-independent reactions

Verticality values (V) from Nagies et al. [20] were assigned
to protein families (Table S1). Verticality describes the rela-
tive amount of LGT that a gene family has undergone.
High verticality indicates little LGT (vertical evolution, typ-
ical for ribosomal proteins) whereas low verticality (typical
for O,-dependent enzymes) indicates abundant LGT. Only
prokaryotic protein families spanning 2 or more prokary-
otic phyla had an associated verticality value [20]. All the
phylogenetic trees underlying this analysis are published in
supplementary table 9 in Nagies et al. [20] and available
under https://doi.org/10.25838/d5p-15. The distribution of
verticality was generated for both the O,-dependent and
the O-independent reaction sets. The O,-independent reac-
tion set contained 3018 reactions and 8322 protein families
with associated verticality values, while the O,-dependent
reaction set contained 365 reactions and 547 protein fami-
lies with associated verticality values. Verticality values of
all protein families associated with O,-dependent and
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Os-independent reactions, as well as the average verticality
of all protein families associated with each reaction (for
O;-dependent and Os-independent reactions) were plotted
against the number of genomes in which the protein family/
reaction was detected (Fig. S1). Finally, we counted the
number of O,-dependent and O-independent reactions in
the largest genome of each species in our dataset and applied
regression models (see Fig. S2 and Table S3A).

Calculation of Gibbs energy and reactant count

The change in Gibbs energy AG was calculated for each
reaction of both O,-dependent and Oj-independent sets
using eQuilibrator API [24] version 0.4.1. Calculations were
performed for physiological conditions (pH 7, 1 mm con-
centrations of reactants and products, 25 °C, ionic strength
250 mm). In each reaction, O, was always written as a reac-
tant (C00007 on the left side of the reaction), such that
reaction R00009, R02550, R05229, and RO00275 were
reversed prior to calculation. In total, eQuilibrator yielded
AG for 288 O,-dependent reactions and for 2139
O,-independent reactions (Table S4).

Reactants and products of O,-dependent reactions were
counted, with reactions written in the direction of O, con-
sumption. For this count, only two ROS scavenging reac-
tions were written in the Oj-evolving direction based on
their physiological function: R00009 and R02670 (anno-
tated as catalase). See Table S5 for the most common sub-
strates and products of Oy -dependent reactions, and
Table S6 for an overview of H,O,-consuming and
H,0»-evolving reactions.

Identification of cofactors

Cofactors for each reaction were identified by integrating
data from the IUBMB Comments section of the BRENDA
database [25], the EC subclass descriptions if applicable,
and literature data associated with each KO entry. In some
cases, original literature not listed in KEGG was consulted,
the references for which were included in Table S7. The
BRENDA database was queried vie EC number, while
the KEGG literature data for each enzyme was accessed
via the KOs associated with the corresponding reaction. In
case of discrepancies, literature data was prioritized.

Only cofactors bound by the protein subunits corre-
sponding to the KO annotation were listed. When there
were multiple possibilities for the cofactors of an enzyme/
subunit/chain, all were listed. Cytochromes and ferredoxins
were listed as cofactors only if they were bound by the
enzyme as soluble electron carriers. For cytochrome or fer-
redoxin enzyme domains, the cofactors listed were heme
and iron—sulfur clusters, respectively. The reactions some-
times explicitly include an electron donor that provides
electrons to the main enzyme indirectly, e.g., through an

N. Mrnjavac et al.

additional reductase component. Such electron donors were
not listed, since they are not immediate ligands of the
enzyme in question. In some cases, the natural electron
donor was unknown and was therefore not listed. In addi-
tion, in cases where the cofactors were substrates or prod-
ucts in the reaction, they were not listed. Cosubstrates,
such as 2-oxoglutarate in 2-oxoglutarate non-heme
iron-dependent oxygenases, were also not listed.

Occurrence of functional categories per
prokaryotic phylum

Using the KO identifiers, each protein family was assigned
to at least one functional category (B-level) according to
the KEGG BRITE classification. The distribution and
occurrence of functional categories was examined for each
phylum within all analyzed protein families linked to
oxygen-dependent reactions (plotted in Fig. S3).

Statistical analysis

The calculated AG of the O,-dependent and
O,-independent sets were compared with a #-test [26]. Com-
parisons of the number of O,-dependent reactions per
genome in aerobes and anaerobes and of genome size
between aerobes and anaerobes (classified based on [27])
were done with Welch’s #-test [26] (see Table S3B). In
Fig. S2 the size of the largest genome of each species in the
dataset was plotted against the number of O,-dependent
and O.-independent reactions associated with the species.
Regression models were chosen based on Pearson’s
product-moment correlation resulting in a linear model for
O,-dependent values and a logarithmic model for
O-independent values (see Table S3A).

To compare the distributions of verticality values of O,-
dependent protein families and Os-independent protein
families, a Welch’s t-test was performed on an unfiltered
(Table S3C) and a filtered (Table S3D) dataset, in which
high verticality values (> 1) were removed. This compari-
son was corroborated by subsampling the protein families
associated with O,-independent reactions. For this subsam-
pling procedure, 100000 samples of 547 Or-independent
protein families were generated to compare to the 547 pro-
tein families of O,-dependent reactions. The average verti-
cality (¥,.,) was calculated for each sample. With this, an
estimate was possible of how likely it would be to create a
sample with a mean verticality as low as that of the O,-
dependent distribution from values in the O,-independent
distribution. This subsampling procedure was repeated, but
changed each time to mitigate potential effects of unequal
protein family size distributions. For this, four bins of
equal size for protein family sizes (number of genomes in a
protein family) of the O,-dependent reactions were defined
in the range of 4 genomes (minimum protein family size to
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calculate phylogenetic trees) to 3380 genomes. For each
bin, the number of protein families in the O,-dependent
distribution was counted, and during sampling, bins were
filled up with an equal number of protein families from the
0,-independent distribution (see Table S3E).

Results

0, arose in a world without respiratory oxygen
reductases

05-dependent enzymes are most frequent in facultative
anaerobes with large genomes [28,29] (Tables S3, S8,
and S9, Fig. S4). Plots of the frequency of O,
dependent and O,-independent reactions in relation to
genome size are presented in Figs S2 and S5. Although
respiratory oxygen reductases are not the focus of our
study, it is important to keep their evolutionary signifi-
cance in perspective. In today’s environment, the over-
whelming majority of O, produced by cyanobacteria
and plants is used for respiration and energy conserva-
tion in aquatic and terrestrial environments, keeping
the global carbon cycle in balance and our atmo-
spheric O levels largely constant [30], forest fires and
human intervention notwithstanding. But that was
clearly not the case before the GOE. The goal of our
study is to gain insights into the role of O; for pro-
karyotes at the time of the GOE.

For the purpose of this study, we assume that at the
time of the first appearance of environmental O, dur-
ing the GOE, functioning respiratory oxygen reduc-
tases (or other O,-dependent enzymes) had not yet
evolved. Contrary to that view, it has been proposed
that O, reductases evolved from a more ancient family
of NO reductases, such that oxygen-utilizing terminal
oxidases were already present when O, first appeared
[31]. However, that proposal is not supported by cur-
rent evidence [32-38], nor have similar proposals been
put forward for other O,-utilizing enzymes. There are
three large and evolutionarily unrelated (independently
arisen) superfamilies of oxygen reductases in respira-
tory chains: (a) the heme copper oxidases (HCO)
[32,33] that include cytochrome ¢ oxidases, (b) the
heme-containing cytochrome bd oxidases that oxidize
membrane quinols [34-36], and (c) the alternative oxi-
dase superfamily (AOX) of non-heme diiron proteins
that oxidize quinols [37,38]. Because members of the
bd oxidase and AOX superfamilies only have one
known electron acceptor substrate, O, can be directly
inferred as the original substrate for the founding
members of those enzyme families following the GOE.
Only the HCO superfamily contains members that
react with another electron acceptor substrate, the

Oxygen diradical impact on prokaryotic evolution

nitrous oxide (NO) reductases [27,33]. Recent surveys
with broad sampling have clearly shown that NO
reductases evolved multiple times and independently to
produce the current spectrum of HCO terminal oxi-
dases [33]. This indicates that O, was also the ancestral
substrate for the HCO family, as in the case of the bd
oxidases and AOX, in line with the low bioavailability
of copper (an essential cofactor of HCO enzymes)
prior to the origin of environmental O, [32].

This indicates, in turn, that terminal oxidases, like
all other O,-dependent enzymes, arose in environments
that were experiencing a gradual encroachment of O;
into an anoxic world. As O, first diffused into the
environment, it led to oxidation of one-electron donors
and enzyme inhibition, but it also introduced a novel,
energy-rich oxidant into the trajectory of biochemical
evolution. Once the HCO, bd, and AOX families of
terminal oxidases arose, they rapidly diversified into
new subfamilies [33,35,38]. Moreover, prokaryotes that
possessed terminal oxidases came to flourish in hetero-
trophic settings, amplifying both the gene copy num-
ber and protein abundance of terminal oxidases in the
environment over evolutionary time. Today terminal
oxidases are, in terms of substrate turnover, unchal-
lenged as the main consumers of O, in contemporary
environments. In modern oceans, for example, photo-
synthetic oxygen production and respiratory O, con-
sumption occur at roughly equal rates [39]. In
mammals, 90% of oxygen consumption is mitochon-
drial respiration [40]. Respiration requires quantita-
tively large amounts of terminal oxidases, which are
often complex membrane proteins.

In the present study our concern is not the increase
of protein abundance from the GOE to today, rather,
the situation at the onset of O, accumulation in Earth
history and how O, could have impacted enzyme ori-
gin in the microbes that first encountered O,. A situa-
tion very similar to that found in terminal oxidases is
encountered with another O,-utilizing (but not strictly
0;-dependent) enzyme, one involved in CO, fixation,
RuBisCO. Today RuBisCO is not only the most com-
mon CO, fixing enzyme, it is the most abundant pro-
tein in nature [41]. The Calvin cycle in which it
operates is the most recently evolved [42], the least
energy efficient [43] and by far the most widespread of
CO,-fixing pathways. But it did not start that way.
RuBisCO’s original function was not in the Calvin
cycle but in fermentative breakdown of RNA [44-46].
Changes in Earth’s environment, in particular O,
impacted the evolutionary trajectory of enzymes that
play the central role in Earth’s modern carbon cycle:
terminal oxidases that consume O, and RuBisCO that
fixes CO, with electrons from photosynthetic O,
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production. But what was the impact of O, on other
enzymes and pathways in the immediate wake of the
GOE? We asked O»-dependent enzymes.

0, is an energy-rich compound, but unused
in SLP

Oxygen is a strong oxidant, with a midpoint potential
of +815mV for the O,/H,O pair at pH 7. The
enthalpy change in combustion reactions of O, with
organic compounds (generating CO;) is typically on
the order of —400kJ-mol™' of O, regardless of the
organic compound undergoing combustion, because
the energy released is almost entirely the energy stored
in the energy-rich O, molecule, not in the organic reac-
tant [7]. We estimated the free energy change, AG, for
288 of the 365 reactions that use O, as a substrate and
that map to protein families (Table S1). The AG values
are presented in Table S4 (along with the values esti-
mated for 2139 O,-independent reactions; see also
Fig. S6), with an average calculated change in Gibbs
free energy under physiological conditions of
—234kJ-mol™" of O, This value is sufficiently exer-
gonic to drive substrate-level phosphorylation (SLP).
It is therefore a curious observation that strictly O,-
dependent SLP reactions are virtually unknown. A
change in free energy of roughly —70 kImol™' is
needed for the synthesis of one ATP [47], hence there
is enough energy to synthesize at least one ATP (or
more) per O,-dependent oxidation of organic substrate
on average. Out of 365 prokaryotic O,-dependent reac-
tions, only one (0.3% of the total) generates a product
capable of supporting SLP: that catalyzed by the
H;0,-producing (phosphorylating) pyruvate oxidase
(EC 1.2.3.3) [48], POX. This enzyme converts pyruvate
and O, to CO,, H20; and acetyl phosphate with a cal-
culated AG of —158 kJ-mol~!. H,O,-producing pyru-
vate oxidase has a very narrow phylogenetic
distribution, occurring almost exclusively among mem-
bers of the Lactobacilli, and the role of Q> is to oxidize
a flavin in the reaction mechanism, not pyruvate itself.
If O, were an evolutionary vehicle to improve energy
yield—a widely held premise about the role of oxygen
in evolution [49,50}—why would cells not conserve the
ca. —234kJ-mol ! of free energy released in > 99% of
non-respiratory O,-reducing reactions? The absence of
O,-dependent SLP reactions suggests that at the onset
of the GOE, when O; first became available as a sub-
strate, the main initial role of O, in microbial evolu-
tion was not immediately energy conservation,
otherwise cells would likely have found ways to con-
serve the energy released in reactions of O, with
organic compounds. The lack of O,-dependent SLP

N. Mrnjavac et al.

reactions is noteworthy. If energy was not the initial
functional role for oxygen, what then?

Oxygen-dependent enzymes often act on
aromatic substrates

Gene-based studies addressing the physiological role of
O, in evolution typically focus on its use as a terminal
electron acceptor in respiratory chains [51,52], but ter-
minal oxidases represent only about 1% of known
prokaryotic O,-utilizing enzyme families [28], hence
they depict only one aspect of O, impact on prokary-
otic metabolism. The responses of anaerobic microbes
to O, via O, detoxification enzymes such as NADH
oxidases and rubredoxin:oxygen oxidoreductase are
well studied [6], as is the impact of O, on prokaryotic
gene expression via DNA-binding proteins [53] such as
the FeS cluster-containing O, sensor FNR (for fuma-
rate and nitrate respiration) [54] and the ArcAB two-
component system (for anoxic redox control or aerobic
respiratory control), which responds to the oxidation
state of the quinone pool [55]. We found that the most
common substrates of O.-dependent reactions are
redox cofactors (ferredoxins, NAD(P)H, and flavins),
water and 2-oxoglutarate, while common products
include water, H,0,, CO,, and ammonia (Tables S5
and S6).

The main utility of O in biochemical reactions is
that of a strong oxidant, affording microbes that pos-
sess the corresponding genes metabolic access to chem-
ically stable substrates in the presence of O,.
Reactions of triplet O, in biological systems always
involve a radical ~mechanism and almost
always involve extraction of one electron from a sub-
strate, generating a radical to initiate the mechanism
[56]. The most frequent reaction types of prokaryotic
Os-dependent enzymes in this sample are aromatic
degradation and amine oxidation (Table 1). Single
electron donor dioxygenases, which incorporate both
atoms of O3 into the reaction product (EC 1.13.11.-),
represent the most common enzyme category (n=>57),
followed by NAD(P)H-dependent monooxygenases
(n=56), which incorporate one atom from O, into the
product (EC 1.14.13.-). The enzymes from both these
groups act mainly on aromatic substrates (Table 1).
Dioxygenases typically disrupt aromatic rings [57]. The
next most common enzymes are amine oxidases acting
on CH-NH; groups (EC 1.4.3.-) (n=48), copper or
flavin containing proteins that catalyze the oxidation
of primary amines, polyamines and amino acids [58].
NAD(P)H-dependent dioxygenases (EC 1.14.12.-), all
of which act on aromatic substrates [59], are the next
most common category (n=38), followed by
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Table 1. Most common prokaryotic O,-dependent reactions. n: number of reactions; Dearo: number of dearomatizing reactions (the reaction
destroys carbon ring aromaticity); Substr. Arom.: number of reactions where the substrate is an aromatic compound (excludes cosubstrates
such as NAD(P)H, flavin, etc.); NH; Prod.: number of reactions releasing ammonia/ammonium ion as a reaction product; Dioxygenase: both
oxygen atoms incorporated into substrate; Monooxygenase: one oxygen atom incorporated into substrate; Diverse: O, can be incorporated

or reduced; Acceptor: O3 is reduced, not incorporated.

EC number n e~ donor (substrate) Fate of O, atoms Dearo. NH3 prod. Substr. Arom.
1.13.11.- 57 Single donor Dioxygenase 40 0 45
1.14.13.- 56 Donor + NAD(P)H Monooxygenase 4 0 38
14.3.- 48 CH-NH; group Acceptor 0 27 21
1.14.12.- 38 Donor + NAD(P)H Dioxygenase 28 2 38
1.14.15.- 28 Donor + FeS cluster Monooxygenase 0 Q 3
1.14.99.- 23 Misc. paired donors Diverse 0 0 7
1.14.19- 21 Paired donors Acceptor 0 0 7
1.14.14.- 19 Flavin and Donor Monooxygenase 0 0 6
113 14 CH-OH group Acceptor 0 0 3
1.14.11.- 12 Paired donors Diverse 0 0 2
1.5.3.- 8 CH-NH group Acceptor 0 0 4
1.14.18-- 7 Paired donors Monooxygenase 2 0 6
1.13.12.- 7 Single donor Maonooxygenase 0 0 4
1.14.20.- 6 Donor +2-0G Diverse 0 0 2
1.10.3.- 6 Diphenols Acceptor 2 0 5
133- 5 CH-CH group Diverse 2 0 3
i e 3 Quinones (or cyt ¢) Acceptor 0 0 3

°Given out of order in the ranking, there are EC categories more common than the translocases (7.1.1.-, terminal oxidases) in the data, but

the terminal oxidases are important, hence added to the list. EC numbers and links to all KEGG reactions are provided in Table S10.

FeS-dependent monooxygenases [60] (n=28) (EC
1.14.15.) (Table 1).

Of the 365 O,-dependent KEGG reactions that
mapped to protein families, more than 50% act on
aromatics, stable substrates that require either a strong
oxidant or a strong reductant [61] to disrupt the aro-
matic ring (Table 1). However, aromatic degradation
in prokaryotes does not require O, [59,61,62]. Two O»-
independent routes of aromatic degradation via a
benzoyl-CoA intermediate are catalyzed by unrelated
benzoyl-CoA reductases. One route employs flavin-
based electron bifurcation to generate midpoint poten-
tials sufficiently negative to reduce benzoyl-CoA (E, =
—622mV) [61]. Importantly, the growth rates of aero-
bic and anaerobic aromatic-degrading microbes are
very similar, both having doubling times on the order
of 4-6h [59]. This indicates that the advantage con-
ferred by the O,-dependent pathway of aromatic deg-
radation is not more rapid growth.

The evolutionary rationale behind the origin of O,
dependent aromatic degradation might reside in the
O»-sensitivity of the evolutionarily older anaerobic
enzymes. The O sensitivity of solvent-exposed FeS
clusters is a central underlying theme of O, in
biochemical evolution [9,63-71]. The anaerobic ATP-
dependent benzoyl-CoA reductase from Thauera aro-
matica contains three O,-sensitive FeS clusters [72],
while the electron-bifurcating benzoyl-CoA reductase

enzyme complex from Geobacter metallireducens
contains over 50 FeS clusters [61]. The more ancient,
0,-sensitive enzymes cannot function in oxic environ-
ments, requiring the origin of enzymes with an alterna-
tive reaction mechanism that can operate in oxic
habitats [73]. The solvent-exposed nature of FeS clus-
ters is important for their inhibition by O,. Yet many
FeS clusters in proteins are not solvent-exposed and
not Oj-sensitive, such that the mere presence of an
FeS cluster in a protein is not always a proxy for O,
sensitivity. Human mitochondrial complex I contains
eight FeS clusters, and photosystem 1 contains three,
but neither is inhibited by O,. In order for O, to oxi-
dize an FeS cluster, it has to attain physical proximity,
which is possible in the case of solvent-exposed
clusters.

Oxygen-dependent enzymes confer novel
physiological traits

The frequency of each enzyme (protein family) among
the genomes in our sample is shown in Table 2 for the
30 most common O,-dependent enzymes (the full list
is given in Table S2). The most widespread O--
dependent enzymes are either terminal oxidases, or
enzymes employed in (cofactor) biosynthesis, detoxifi-
cation, and substrate mobilization. In primary metabo-
lism, the O,-dependent biosynthetic reactions present
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Table 2. Most widely distributed prokaryotic Oz-dependent enzymes. KO: identifier of the KEGG orthology group used for protein family
annotation; N: number of genomes; V. verticality value (see Materials and methods). Enzyme function abbreviations are in brackets
Numbers in square brackets correspond to protons pumped (data from references [33,34]). The 7,8-dihydroneopterin oxygenase activity
(K01633) is an oxygenase side reaction that proceeds through a carbanion intermediate, generating 7,8-dihydroxanthopterin, which is not a

central intermediate in the folate synthesis pathway [74].

Enzyme name EC number KO Ny %

7,8-Dihydroneopterin oxygenase 1.13.11.81 K01633 4424 0.90
Cytochrome bd ubiquinol oxidase subunit Il [0] (Oxphos) r O [ 5 K00425 4075 0.63
Cytochrome bd ubiquinol oxidase subunit | [0] (Oxphos) AT K00426 4074 0.57
Catalase (O, detoxification) 1.11.1.6 K03781 3485 0.30
L-Aspartate oxidase (NAD+ synthesis; N mobilization) 1.43.16 K00278 3388 6.22
Pyridoxamine 5-phosphate oxidase (PLP synthesis) 14356 K00275 3026 0.1
Nitronate monooxygenase (N mobilization) 1.13.12.16 K00459 2974 0.34
Bacterioferritin {Iron storage) 1.16.3.1 K03594 2867 0.52
Glycolate dehydrogenase FAD-linked SU (2-OH acids) 1.1.99.14 K00104 2612 0.36
Cytochrome o ubiquinol oxidase subunit | [2] (Oxphaos) 7418 K02298 2561 0.14
Coproporphyrinogen |Il oxidase (Heme synthesis) 1333 K00228 2473 118
Cytochrome c oxidase subunit | [4] (Oxphos) 7119 K02274 2448 0.86
Cytochrome ¢ oxidase subunit || [4] {Oxphos) 71,18 K02275 2435 0.39
2-polyprenylphenol 6-hydroxylase (UQ synthesis) 1.14.13.240 K18800 2431 1.49
Cytochrome o ubiquinol oxidase subunit |l [2] (Oxphos) 7113 K02297 2406 0.57
4,5-DOPA dioxygenase (Amino acids & aromatics ox.) 1.13.11.- K15777 2266 1.15
Catalase-peroxidase (substrate oxidation and O, detox) 1.11.1.21 K03782 2197 0.14
Superoxide dismutase, Cu-Zn family (O, detoxification) 1.15:1.1 K04565 2180 1.07
2-octaprenyl-6-methoxyphenol hydroxylase (UQ synth.) 1.14.13- K03185 2157 0.72
Malate dehydrogenase, quinone (TCA cycle) 1.1.5.4 Ko0116 2095 0.31
Glycine oxidase (Thiamine biosynthesis) 14319 K03153 1886 0.97
(S)-2-hydroxy-acid oxidase (2-OH acids, glycolate DH) 1.1.3.15 K11473 1849 0.90
Alkanesulfonate monooxygenase (S mobilization) 1.14.145 K00299 1831 0.09
Gamma-glutamyl putrescine oxidase (Amino acid ox.) 1.4.3- K09471 1809 0.09
tRNA 5-MAM-2-thiouridine bifunctional protein (tRNA) 150~ K15461 1789 0.18
4-Hydroxyphenylpyruvate dioxygenase (Amino acid ox.) 1.13.11.27 K00457 1699 0.38
Alkanesulfonate monooxygenase (S mobilization) 1.14.145 K04091 1660 0.02
3-Phenylpropanoate dioxygenase (Amino acid ox.) 1.14.12.19 K00529 1540 0.28
4-Hydroxyphenylacetate 3-monooxygenase (AA ox.) 1.14.149 K00484 1539 0.09
Protoporphyrinogen oxidase (Heme synthesis) 1.3.34 K00231 1488 0.62
Cytochrome ¢ oxidase subunit |1 [4] {Oxphos) 71:1:8 K02276 1433 0.49

post-GOE alternatives to Oj-independent reactions
that existed in cells before the GOE. The oxidation of
amino acids, sulfonates, or 2-hydroxy acids also pre-
sent alternatives to preexisting anaerobic pathways.
The same principle holds for the HCO, bd and
AOX superfamilies of terminal oxidases [27,51,75].
The family of cytochrome bd oxidases became inte-
grated into previously-existing anaerobic electron
transfer chains that used terminal acceptors such as
sulfite and metals, producing a branching from mem-
brane quinols to oxygen that is very common in
extant facultatively anaerobic prokaryotes [34,51]. The
appearance of HCOs introduced a branching in the
electron transfer chains that pivot on c-type cyto-
chromes and often use metals as source of electrons
[76]. Large-scale phylogenetic studies of the HCO
superfamily indicate that the most ancient HCOs are

the A-type HCOs [33], which, like bd oxidases and
AOX, normally do not reduce NO, as outlined above.
The cytochrome bd oxidases are found among many
archaeal groups and might be an ancient lineage of
oxygen reductases, but their evolutionary history is,
like that of HCOs, complicated by lateral gene trans-
fers [32-38,75,76]. Though the relative ages of terminal
oxidase families are not clarified because the protein
families arose independently, and because the history
of all three families has been affected by LGT [32-
34,38], sulfide provides hints. HCO terminal oxidases
require copper, which has very low bioavailability in
sulfidic environments [75], and are strongly inhibited
by sulfide [77,78], whereas bd oxidases are sulfide tol-
erant [79,80] and do not require copper. This would
speak in favor of a greater antiquity for the bd family.
The AOX family is probably the youngest of the three
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oxygen reductase superfamilies, based on its very low
affinity for O; [51].

In the present sample of prokaryotes, cytochrome
bd ubiquinol oxidases appear to be the most common
O,-reducing terminal oxidases (Table 2). These trans-
membrane enzymes usually oxidize quinols but do not
translocate protons across the membrane [34] although
they do generate proton motive force via scalar pro-
tons (the localization of proton-consuming and
proton-generating reactions on opposite sides of the
membrane).

Another novel class of enzymes that arose in
response to O, are detoxification enzymes that scav-
enge ROS (reactive oxygen species) that result from
reactions of O, catalases [81], catalase-peroxidases
[82], superoxide dismutases [83], and other detoxifica-
tion enzymes [9], some of which are not represented in
KEGG. The main cofactors of the ROS scavenging
enzymes are metals [9,81-83]. Their main function is
detoxification of reactive oxygen species such as the
superoxide radical, O, that forms from one-clectron
transfers during O,-dependent metabolism, or hydro-
gen peroxide, H,O,. Many novel enzymatic functions
that did not exist prior to the existence of O, are
found in the biosynthesis and degradation of second-
ary metabolites [28,84,85].

Genes for 0,-dependent enzymes undergo LGT
more frequently than others

Evidence for O, accumulation in Earth history is geo-
chemical (Fig. 1). Within that temporal framework, genes
for O,-dependent reactions can be inherited vertically, in
which case their advantage is realized only within line-
ages, or they can be inherited via lateral gene transfer, in
which case their advantage can be transmitted to any line-
age. Several gene-based studies of O, in evolution address
the timing of O, appearance [81,83,84] by using molecular
clocks to date the age of Ox-dependent enzymes.
Dating the appearance of O, with phylogenies of O,
metabolizing enzymes requires, however, that the genes
have not been subject to lateral gene transfer during evo-
lution. A recent molecular-clock-based study of oxygen in
evolution embraced the vertical view and ascribed the ori-
gin of oxygen-dependent enzymes to a single hypothetical
lineage called the last universal oxygen ancestor [81]. In
the real world of microbial genomes, it is known that all
genes in prokaryotic genomes can be transferred and that
most, if not all, have been subject to LGT at some point
in evolution [20,85-87]. O,-dependent enzymes are no
exception.

If an Oy -dependent enzyme confers the ability to
survive in oxic habitats, and if oxic habitats became

Oxygen diradical impact on prokaryotic evolution

more widespread across Earth history (Fig. 1), what
is useful for one microbe can be useful for another.
This predicts that O,-dependent enzymes should read-
ily spread across lineages vie LGT during evolution.
To quantify the role of LGT in genes for O,-
dependent enzymes, we utilized values of verticality,
V, which provide a measure for how often a gene
has been transferred between lineages in evolution
[20]. Verticality measures only LGT events across
major taxonomic boundaries (phyla or domains), evo-
lutionarily recent fine-scale transfers are ignored in
the calculation of verticality such that it provides a
robust measure of LGT frequency [20]. High values
of verticality indicate low levels of LGT for members
of a gene family, for example ribosomal proteins,
while low values of verticality reflect a high frequency
of LGT for a given prokaryotic gene during
evolution.

For the 547 protein families of O,-dependent
enzymes in prokaryotes for which we could assign a
value of V, the mean verticality or V,, is
0.273 +0.626 (avg+SD). For comparison, the 3018
Os-independent reactions in the data map to 11754
protein families, of which 8322 had an associated verti-
cality value (Table S1). The O-independent enzymes
have a mean verticality of V,,,=0.781 £1.926.
Although the means overlap, the difference in the two
distributions is highly significant at P=7.43-107%" (s-
value=—14.92, DF=1406; Fig. 2). The difference
remains significant even when higher verticality values
(> 1) are filtered out (V< 1, t-value = —6.22, DF =603,
P=9.02:10""% see Table S3C,D).

Figure 2 shows that genes for O,-dependent enzymes
underwent more LGT in their evolution (expressed in
lower verticality values) than genes for O,-independent
enzymes. Even the more widely distributed protein
families and reactions have comparable low verticality
(Fig. S1). The excess of more vertical protein families
among Os-independent enzymes (Fig. 2, upper right) is
the signal of vertically evolving enzymes, many of
them involved in information processing, such as
aminoacyl-tRNA synthetases (for the complete list see
Table S1). Genes for ribosomal proteins, though
among the most vertically evolving genes in prokary-
otes [20], are not plotted in Fig. 2 because their prod-
ucts do not catalyze chemical reactions, hence they are
not represented in KEGG.

Figure 3 underscores the small contribution of verti-
cal evolution in prokaryotic genmes that code for
enzymes involved in O,-dependent reactions (blue
points) relative to genes that are currently in use for
molecular systematics studies, including ribosomal and
other information processing proteins (black points),
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Fig. 2. Distribution of verticality values for protein families catalyzing oxygen-independent and oxygen-dependent reactions. The distribution
of 8322 protein families with verticality values associated with Oz-independent reactions are shown in the upper histogram (orange) and the
547 protein families with verticality values associated with O,-dependent reactions in the lower histogram (blue) in logarithmic scale, 100
bins. O,-dependent gene families show a lower verticality, which means they have been subject to more LGT. For details of the statistical

procedures see Materials and methods and Table S3.

and genes that code for O,-independent reactions (red
points). The genes for O,-dependent enzymes have
almost no tendency at all to undergo vertical evolu-
tion, they are freely passed around lineages, where
they can become fixed or not.

Within the 10 functional categories in KEGG with
the highest frequency of O,-dependent enzymes, the
most frequently transferred O-dependent genes relative
to Os-independent genes within the same functional cat-
egory encode products involved in the metabolism of
‘other’ amino acids (D-amino acids, glutathione, taurine,
selenocompounds, etc.), followed by the functional cate-
gory ‘Protein families: metabolism’ (which includes vari-
ous catabolic reactions), genes coding for enzymes
mmvolved in xenobiotics degradation (includes cyto-
chrome Py459 enzymes), amino acid oxidation and break-
down of secondary metabolites (Fig. 3, Figs S3 and S7).
In lipid metabolism, fatty acid and carotenoid oxidation,
O>-dependent enzymes are common, as these act on
non-fermentable substrates. A summary of transfers
across the nodes of a phylogenetic tree is presented in
Fig. S8 (see also Table S11).

Evolutionary rationale behind O,-dependent
synthesis of essential cofactors

The most common genes for O,-dependent enzymes
we identified (Table 2) encode steps in the synthesis of

essential cofactors including NAD™, pyridoxal phos-
phate (PLP), heme, ubiquinone (UQ), and
thiamine (Thi). There are also O,-dependent and O,-
independent biosynthesis pathways for cobalamin and
chlorophyll [73,88,89]. Why should organisms evolve
O,-dependent pathways for the biosynthesis of
essential cofactors in the presence of preexisting Os-
independent pathways? One suggestion is that Os-
dependent pathways evolved in the presence of the
older anaerobic pathways because they are favored for
thermodynamic and kinetic reasons [90]. But the
observation that microbial growth rates are similar for
0,-dependent and O,-independent aromatic degrada-
tion [59] offers no hints that the thermodynamics or
kinetics of the O,-dependent pathways confer advan-
tage. Why are there two kinds of pathways for seven
essential cofactors?

In the case of parallel O,-dependent and O;-
independent pathways for chlorophyll synthesis, Chew
and Bryant [73] reached a conclusion that is probably
applicable in most, if not all, cases of O,-dependent
and Os-independent alternative pathways: “When a
powerful selective pressure, oxygen, apparently inacti-
vated oxygen-independent enzymes in (B)Chl biosyn-
thesis, unrelated proteins with the same catalytic
function but with completely different structures and
mechanisms, sometimes even using oxygen as a sub-
strate, then evolved.” In other words, the inactivation
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KEGG functional category Protein families Vavg Protein families Vavg Ratio
Metabolism of other amino acids 27 0.065 548 0622 9.55
Protein families: metabolism 41 0.124 1270 0873 7.02
Xenobiotics biodegradation and metabolism 122 0.114 627 0482 4.23
Amino acid metabolism 126 0.269 1804 0818 3.04
Metabolism of other secondary metabolites 46 0.175 569 0524 3.00
Lipid metabolism 41 0.155 1039 0.404 262
Energy metabolism 127 0.364 1138 0.911 2.50
Metabolism of cofactors and vitamins 75 0.552 1406 04972 1.76
Carbohydrate metabolism 46 0.399 2564 0.589 1.48
Signal fransduction 48 0414 355 0578 140

Fig. 3. Genes for enzymes catalyzing Oz-dependent reactions tend to be laterally transferred. Comparison of number of phyla in which a
protein family is present, number of genomes where it occurs and verticality values for prokaryotic protein families. (A) The number of phyla
(x-axis) is plotted in relation to the number of genomes (z-axis) and verticality values (y-axis) for 36 highly vertical and universal informational
core genes (black) and for the 8322 Oz-independent protein families with associated verticality values (red). (B) The number of phyla (x-axis)
is plotted in relation to the number of genomes (zaxis) and verticality values (y-axis) for 36 highly vertical and universal informational core
genes (black) and the 547 protein families corresponding to oxygen-dependent reactions with associated verticality values (blue). The
following functions correspond to the 36 informational core (IC) genes and are sorted by verticality: rpsJ, rpsK, rplA, alaS, rpiB, ffh, rpsk,
fusA, ftsY, hisS, truB, metG, rpIN, pyrG, rpsH, rpsl, prsA, valS, rplE, rplF, tsaD, argS, truA, ychF, pyrH, uppS, ksgA, rpsS, serS, glyA, tuf,
ileS, rpsL, eno, pgk, cyxS. (C) Average verticality values for O,-dependent (blue points) and O-independent (red points) protein families
across the 10 functional categories with the highest frequency of O-utilizing enzymes. The last column shows the ratio of average
verticality between Op-independent and O»-dependent protein families per functional category. Values for all functional categories can be
found in Table S12, and alternative plots showing the average verticality per functional category, including error bars, can be found in
Fig. S7.

by O, of an anaerobe’s preexisting enzyme generated
the selection pressure for the evolution of an alterna-
tive enzyme that tolerated the presence of O,, some-
times even by using O, in the radical-dependent
mechanism. We suggest that the same evolutionary
reason probably applies generally to the origin of O,-
dependent pathways for the synthesis of essential
cofactors (or other essential functions) in the presence
of preexisting O,-independent pathways.

The Os-independent pathways for essential cofactors
must be older than the O,-dependent pathways
because prokaryotes that existed prior to the origin of
oxygenic photosynthesis undoubtedly required and
synthesized NAD* [91], PLP [92], ubiquinone, UQ
[93.94], thiamine [95,96], heme [88], chlorophyll [73]
and cobalamin [88,89]. The preexisting O,-independent
routes typically involve enzymes with O,-sensitive
low-potential metal centers, such as [4Fe4S] clusters,
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O,-sensitive  pathway intermediates, or both.
The reactions tend to rely on radical mechanisms,
which are known to be common to many strict anaer-
obes [5]. Although the mechanism of O, activation is
not known for many oxygen-dependent enzymes, the
chemistry of O, in biological reactions prescribes that
one-electron activation is necessary, which is why O,
can interfere as an inhibitor of other biological radical
reactions by extracting the radical. O,-dependent bio-
synthetic pathways for essential cofactors offered
microbes the tools needed to colonize oxic habitats,
from which they would otherwise have been excluded.
Enzymes with mechanisms of O, tolerance that do not
involve O, as a substrate fall outside the scope of this
paper, but the evolutionary rationale behind O, toler-
ance would also apply. The principle of oxygen’s
impact in evolution—inhibition first, then the ability
to grow, then respiration—is illustrated in Fig. 4 (and
highlighted in the title).

Flavins and iron are the most common cofactors
across O,-dependent reactions

As a consequence of its kinetically stable triplet dira-
dical state, dioxygen has high activation energy bar-
riers [4]. Because organic substrates usually exist in
their singlet ground state, direct reactions of triplet
oxygen with organic compounds are spin-forbidden
[97] such that oxygen needs to be activated in order
to react with typical organic substrates. In enzymatic
reactions, activation is wusually provided by the
enzyme-guided donation of a single electron to gener-
ate a superoxide radical O, or by an electron and a
proton to generate a perhydroxyl radical HO,. The
one-electron donor is typically either a metal ion such
as copper, iron (sometimes in the form of FeS cen-
ters), or manganese [98], or an organic cofactor such
as a flavin or a pterin [99]. O, so activated by trans-
fer of a single electron is extremely reactive, in Oa-
dependent enzymes it readily oxidizes a specific sub-
strate at the active site. The most common cofactors
for the 365 reactions for which data could readily be
identified are given in Table 3 (complete list in
Table S7).

Physiological reactions of O, are radical reactions
that require single electron donors to initiate the reac-
tion with the O, diradical. This is reflected in the fre-
quency of single electron donors (marker with an
asterisk in Table 3) among the cofactors for Os-
dependent reactions sampled here. In some reactions,
the substrate can provide the radical. In some reac-
tions, the mechanism and the single electron source
are unknown. Some of the cofactors are not directly

N. Mrnjavac et al.

involved in O, activation. The frequencies of the
cofactors reflect their occurrence across individual
reaction types, not their frequency within a protein or
their occurrence in the environment. For example, a
reaction catalyzed by a heme copper oxidase contain-
ing several hemes and several copper ions in all marine
cyanobacteria (or in mammalian mitochondria, not
sampled here) produces one count of heme and copper
each. Similarly, the most abundant enzyme on Earth,
RuBisCO, accounts for the lone occurrence of magne-
sium in the table.

The most common cofactors in O-dependent reac-
tions are flavins and iron. Flavins are versatile coen-
zymes that perform both one- and two-electron
transfers. They serve as cofactors and interact with
dioxygen in several enzyme families, including flavin
monooxygenases such as UbiH and Ubil involved in
ubiquinone synthesis, PhzS from the phenazine path-
way, or cyclohexanone monooxygenases ChnB. The
most common activating mechanism of the flavin
monooxygenases involves the reduced cofactor reacting
with dioxygen to form the characteristic C(4a)-(hydro)
peroxyflavin intermediate through a semiquinone radi-
cal pair [99,100].

Iron is the most common transition metal cofactor
in oxygenases [101]. A common transition metal-
dependent enzyme family in our set was the Rieske
non-heme iron  oxygenase family, including
naphthalene-1,2-dioxygenase, the steroid hydroxylase
KshAB involved in cholesterol catabolism, phthalate-
4,5-dioxygenase and others. The oxygenase component
of these enzymes is characterized by the presence of a
catalytic mononuclear iron center and a Rieske iron—
sulfur cluster. The latter accepts electrons from the
two-electron donor NADH through a reductase com-
ponent (often flavin-dependent), sometimes via an
additional electron carrier. The electrons are trans-
ferred to the mononuclear iron center in order to acti-
vate dioxygen. The proposed mechanism includes
rearrangements encompassing several oxidation states
of the mononuclear iron center and a variety of radical
and non-radical intermediates [102].

Flavins and iron are present individually, and some-
times together, in over 40% of the enzymes in our
sample. NAD(P)H is very common as an electron
donor (present in 23% of the reactions), providing
electrons to oxygenases through flavins or the reduc-
tase component of a multi-component enzyme, as in
the Rieske non-heme iron oxygenases. Iron-sulfur
clusters are present as prosthetic groups in roughly
16% of the enzymes in our sample and about 17%
bind the soluble one-electron carrier ferredoxin. Cyto-
chromes as electron donors are rare for these
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Fig. 4. Inhibition, growth, respiration. Several essential cofactors have Os-inhibited and Oz-dependent biosynthetic pathways. The anaerobic
pathways are older, obviously, because the cofactors shown are essential to various groups of prokaryotic anaerobes that existed prior to
the origin of oxygenic photosynthesis. For references to the pathways see text. Og-inhibited pathways preclude colonization of oxic niches
(“do not enter” signs). Auxotrophy for the cofactor in an oxic niche is only an option if another group in the oxic niche has already evolved

an Os-tolerant biosynthetic route, in which case gene acquisition

via LGT becomes an alternative to auxotrophy. The geological time of

origin of oxygen respiration is not an issue here, only the relative timing of cofactor biosynthesis, which enables growth in an oxic
environment, followed by origin or acquisition of O, respiratory terminal oxidases.

prokaryotic enzymes. The only O,-dependent S-
adenosyl methionine (SAM) binding enzyme identified
in our sample was MnmC, a bifunctional enzyme
found primarily in y-Proteobacteria that catalyzes a
specific modification of the tRNA wobble base by a

mechanism including methylation preceded by oxida-
tive cleavage [103].

Mononuclear iron centers and FeS clusters are often
inhibited by oxygen [9]. This inhibition is likely the rea-
son for the emergence of alternative pathways following
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Table 3. The most common cofactors across 365 Oj-dependent
reactions of prokaryotes. One-electron donors are marked with an
().

Cofactors Frequency
Flavins* 156
Iron* 162
NAD(P)+ 84
Ferredoxin® 61
Iron-sulfur clusters* 57
Hemes* 39
Copper* 22
Quinones* 17
No cofactor or unknown 21
Coenzyme A 1
Cytochromes#* 7
Pterins 5
Nickel 3
Flavodoxin* 3
Rubredoxin* 3
Manganese* 2
Tetrahydrofolate 2
Zinc 2
Selenium 1
Magnesium 1
S-adenosyl methionine* 1
Metal ion (unspecified) 1
Thiamine-pyrophosphate 1

the GOE. Why, then, are many alternative oxygen-
tolerant enzymes replete with Fe and FeS clusters? The
reactivity of oxygen with low-potential metal centers
that results in cofactor inactivation in ancient O,-
independent enzymes, whose active sites are not adapted
to dealing with oxygen, was not only circumvented, but
rather used to good advantage for oxygen activation in
the new, alternative pathways: once activated, O, can
initiate a large number of radical reactions.

The KEGG list of O»-dependent reactions in pro-
karyotes includes 21 having no associated cofactors, or
where the cofactors were unknown. Several cofactor-
independent oxygenases have recently been described
[104—-108]. Their mechanisms involve a substrate anion,
generally generated by base catalysis, that donates a
single electron to dioxygen, yielding a stabilized radical
pair. The most familiar example of an oxygenase that
requires no cofactors to activate dioxygen is the Calvin
cycle enzyme RuBisCO, whose oxygenase mechanism
involves a substrate-derived radical [107].

No evidence for pre-GOE environmental O; in
genomes

Evidence for the appearance of O, in the atmosphere
by the GOE 24billion years ago is universally

N. Mrnjavac et al.

accepted and uncontroversial [1,2,10,11]. Some studies
even date the GOE to a slightly more recent time,
2.3 billion years ago [108]. Several recent reports argue
that atmospheric O, is older than the GOE. The pro-
posals have it that geochemical interactions between
quartz and water generated H,O; early in Earth his-
tory and this quartz-derived H,O, could have given
rise to O, independent of the cyanobacterial OEC
[109-111]. From a biological standpoint, an origin of
O, from H,0, seems extremely unlikely for several
reasons. With a standard potential E,=+1.7V, H,0,
is a stronger oxidant than Cl; (E,=+1.36V) or O,
(E,=+0.81V), hence a powerful disinfectant and
general-purpose biocide, excluding a physical proxim-
ity between (so far unobserved) geological H,0, pro-
duction and life.

At the heart of H,O,-dependent abiotic O, origin
models [109-111] is the chemical reaction catalyzed by
catalase,

2H;0, - 0, +2H,0

which is exothermic by AH = —101kJ-mol ' of H,0,
at  100°C [I11] and exergonic with AG”=
—~189.9kJ-mol™! (1M H,0,, 25°C, pH 7, latm Q)
and AGg=—154.2kJ-mol "mol~! (for 1mM H,0,,
100°C, pH 7 and 0.1 atm O,), making it an irrevers-
ible reaction under physiological conditions. The same
reaction can be catalyzed by bifunctional catalase-
peroxidases (Table S6), enzymes that degrade H,O,
either as a catalase (reaction above) or alternatively
as a peroxidase [112] according to the reaction.

H,O; + 2 H — Substrate — 2 H,O + 2 Substrate

using the same active site, with AG depending on
the substrate. Catalase is the most common H,0,
detoxifying enzyme in genomes (Table S6). Propo-
nents of a sand/quartz origin of O, might argue that
the abundance of catalases in genomes (Table S6)
provides evidence in favor of an H,0, origin of pre-
GOE O,, with catalase representing a widespread and
ancient relict of a time when O, was made from
H,0,. But catalase activity is essentially ubiquitous
among prokaryotes, even among strict anaerobes
[113], which generally lack O,-dependent enzymes and
pathways that could utilize O, (Figs S4 and S5). The
function of catalase in strict anaerobes is to detoxify
reactive oxygen species generated by one electron car-
riers during redox metabolism or by other organisms
in the environment [77,114], not to provide anaerobes
with O, from environmentally-supplied H,O5.
Furthermore, the proposed quartz-H,O, mechanism
of O, origin would, in principle, operate before the
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origin of cells [111], in which case the genetic code,
aminoacyl-tRNA synthetases, and ribosome biogenesis
would have evolved in the presence of O, and H,O,.
We found no O or H,0,-dependent enzymes
involved in core information processing functions.
Thus, data from genomes and enzymes are distinctly
at odds with suggestions for a pre-GOE (or prebiotic)
origin of O, from H,0, or quartz—water interactions.

Moreover, a recent incisive study by Koppenol and
Sies [115] effectively rules out the possibility that abi-
otic H2O, could have generated O; in amounts that
would in any way impact the biosphere. They used
simple and uncontroversial kinetics to calculate the
expected half-life of H,0, in the presence of 20—
200 pM iron(Il), a reasonable value for Archaean
oceans. The key to their reasoning is the classical Fen-
ton reaction, the rapid reaction of H0O, with Fe’* to
yield Fe** and hydroxyl radicals, which rapidly react
with almost any organic substrate. They obtain a con-
servative estimate for the half-life of H,O, in the pres-
ence of Fe** as 0.7s. Because Fe®* was ubiquitous in
all water-bearing environments on the early Earth,
including the oceans, the miniscule 0.7s half-life of
H,O, leaves no alternative to the conclusion that
“before oxygenic photosynthesis, organisms were not
exposed to H,O,, HO', O;, or CO; " [115].

Another line of evidence suggesting pre-GOE O;
comes from the possible presence of small amounts
(“whiffs”) of O, appearing in rocks 2.5 billion years
of age, or ~50MY prior to the GOE, based on the
redox state of redox-sensitive minerals in sediments
[116]. The evidence for pre-GOE whiffs of O, has
recently been debated, however, with a new report
indicating that the oxidation state of the molybde-
num minerals originally supporting the existence of
whiffs resulted from oxidation that took place after
the GOE, long after the sediments had been depos-
ited [117]. Those interpretations are challenged [118],
and the challenge is in turn rebutted [119], suggesting
anoxia (< I1ppm O,) in the sediment in question
2.5 billion years ago. From a biological perspective,
the difference between oxygen appearance 2.4 billion
years ago (the standard GOE model), or 50 million
years earlier (the whiffs model), or 50 million years
later [108] corresponds to a 2% difference in oxygen
age, which has no impact on the verticality or func-
tions (Fig. 3) of O,-dependent enzymes surveyed
here. It merely alters the time at which O, started to
impact enzyme evolution by a factor of 0.02. In this
study, we conservatively take the age of O, to corre-
spond to the age of the GOE and we do not use
molecular clocks.

Oxygen diradical impact on prokaryotic evolution

Discussion

The main evolutionary impact of the origin of O, is
traditionally viewed from the standpoint of eukaryote
origin [49,84] or from the standpoint of mitochondrial
respiration and animal evolution [50,120]. Yet eukary-
otes appear roughly 1 billion years after the advent of
0; [13,121], and animals appear in the fossil record
near the base of the Cambrian, almost 2 billion years
later than the appearance of O, [122,123]. Because
both eukaryotes and animals emerged in a world that
already contained biologically relevant amounts of O,
their immediate ancestors were already equipped, enzy-
matically, to deal both with anoxia and with O, as a
toxin and/or a substrate [124]. The fossilization of
early invertebrates required the existence of O, for the
synthesis of collagen by proline hydroxylases to gener-
ate hard body parts [125]. The origin of large animals
also required the presence of O, [126]. Life on land
was accompanied by adaptations to a permanently
oxygenated atmosphere [127].

From the moment it was first produced by cyanobac-
teria, O, became an inhibitor of prokaryotic proteins
with solvent-exposed FeS clusters, including ferredoxins,
by acting as a one-electron acceptor in redox reactions
[9.63]. The appearance of environmental O, following
the GOE confronted prokaryotic life with a few chal-
lenges and numerous chemical opportunities. The main
challenge was that a very small number of enzymes in
anaerobes—sometimes only one enzyme per species, but
often in physiologically key positions in metabolism—
are inhibited by exposure to O, or activated forms
thereof [6,9,63-73]. Such enzymes, for example pyru-
vate:ferredoxin oxidoreductase, a key enzyme in carbon
and energy metabolism of anaerobes [65], or nitroge-
nase, the biosphere’s No-fixing enzyme [128], typically
have either a radical mechanism [5] or harbor low-
potential metal centers, very often FeS centers, that can
spontaneously react with the O, diradical [71], or both.
The O,-dependent inactivation of essential enzymes can
arrest growth until anoxia is restored, which allows the
organism to replace the poisoned enzyme by repair or
resynthesis [6].

The evolutionary significance of O, is traditionally
viewed in terms of energetic efficiency, O, having
enabled improved ATP yield from heterotrophic sub-
strate breakdown. The underlying reasoning is often
that “life with oxygen is better than life without: a
given amount of glucose processed in the presence of
oxygen produces 18 times as much energy as the same
amount of glucose processed without oxygen” [50].
Escherichiacoli gains 15 ATP per glucose during O,
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respiration under optimal conditions and 4 ATP per
glucose from anaerobic fermentation [129], the differ-
ence in maximal ATP yield is roughly a factor of 3.8,
not 18.

Terrestrial, multicellular eukaryotes are, of course,
highly specialized to an Oj-containing atmosphere
and possess an Op-dependent metabolism, yet this
specialization took place relatively late in evolution
[13,124,127). Our present investigation deals exclu-
sively with prokaryotes, as they were the only organ-
isms to directly witness the advent of O, in
evolution. In prokaryotes, O, presence does not
always mean more energy, and more energy is not
always in line with the physiological needs of the cell.
The membrane potential, AY, used by E. coli for sub-
strate import and ATP synthesis under anaerobic
growth, —130mV, is roughly the same as that under
aerobic growth, —140mV [130]. Yeast exhibits a simi-
lar response to E.coli’s overflow metabolism, called
the Crabtree effect, the preference for fermentation in
the presence of glucose and oxygen, which results in
an increased rate of ATP production at low efficiency
[18,131], not in an increased efficiency of ATP
production.

In organisms that respire O,, the diversity of termi-
nal respiratory oxidases exhibits a variety of bioener-
getic capacity. Among the enzymes of the HCO
superfamily [51,75,76], the aa3 type cytochrome ¢ oxi-
dases and the bo; type ubiquinol oxidases, both
belonging to family A, pump 4 protons per O,
reduced, while the chb; type cytochrome ¢ oxidases
(family C) usually pump 2 protons per O, [35,75,132].
Among the growing number of oxidases belonging to
the B family of HCO [33], there are subfamilies that
pump 4 protons per O,, various subfamilies that pump
2 protons per O, as the prototypic B-family oxidase of
Thermus [132] and five subfamilies that do not pump
protons, also because they do not react with oxygen
for the lack of an active-site Tyr, which is involved in
the formation of the His-Tyr cofactor in oxygen reduc-
tases. Conversely, the bd type ubiquinol oxidases and
AOX pump 0 protons per O, [35,51], although the bd
oxidases generate protonmotive force [34,35]. The sub-
units of non-pumping bd type oxidases are among the
most widespread O,-dependent enzymes in the present
genome sample, apparently more widespread than
those of the terminal oxidases that pump 2 or 4 pro-
tons per O, reduced (Table 2) (see references [33,34]
for recent analyses of the HCO and bd oxidase
superfamilies).

As with the Crabtree effect (2 ATP per glucose via
cytosolic glycolysis in the presence of O,), this spec-
trum of energy conservation within O,-dependent

N. Mrnjavac et al.

terminal oxidases from 0 to 4 protons pumped per O,
reduced suggests that the immediate physiological role
of O; in evolution was not improved energy yield.
Despite the highly exergonic nature of reactions
between O, and organic compounds, the absence of
proton-pumping capabilities in many terminal oxidases
[34] and the noteworthy absence of O,-dependent
substrate-level phosphorylation suggest that the
microbes that learned to harness O, in biochemical
evolution were not limited in energy efficiency, but
were instead limited in their ability to grow in Earth’s
increasingly oxic habitats because of enzymatic inhibi-
tion imposed by O..

Lateral gene transfer is the default mode of pro-
karyotic genome evolution [133]. It has impacted the
distribution of O,-dependent terminal oxidases across
prokaryotic lineages [76,134]. Most genes in prokary-
otic genomes have undergone LGT, with 97% of all
genes having undergone at least one case of LGT
between bacteria and archaea [135]. No gene family
present in prokaryotic genomes has been completely
immune to LGT between prokaryotic phyla during
evolution [20]. We found that O,-dependent
enzymes underwent LGT more frequently than O,-
independent enzymes (Figs 2 and 3) and that this is
true across almost all functional categories (Fig. 3
and Fig. S7, Table S12). The frequent spread of
genes for O,-dependent enzymes indicates that they
conferred a physiological advantage to organisms
that retained them. The nature of that advantage
falls into three categories: (a) the breakdown of sta-
ble bonds in aromatic and nitrogenous compounds
thereby mobilizing recalcitrant substrates in oxic
environments, (b) the replacement (or supplementa-
tion) of enzymes that are inhibited by O,, and (c) ter-
minal oxidases (Table 2), but terminal oxidases can
only be used by an organism once O-tolerant path-
ways of essential intermediate biosynthesis (or auxot-
rophy) have been incorporated into the genome
(Fig. 4).

In primary metabolism, O,-dependent enzymes have
not generated fundamentally new biosynthetic or
assimilatory traits. The central pathways of primary
metabolism were in place and have remained largely
unchanged since the time of the last universal common
ancestor LUCA [136]. O,-dependent enzymes pre-
sented alternative, Os-tolerant routes to preexisting
Oy-independent pathways that involved O,-sensitive
intermediates or Oj-sensitive cofactors, in particular
solvent-exposed low-potential FeS clusters [64—71,73].
O,-dependent enzymes are O»-tolerant by nature, they
allowed cells to colonize O,-containing habitats from
which they otherwise would have been excluded [73].
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This factor underlies the higher rates of LGT we
observe for O,-dependent reactions. The colonization
of oxic habitats not only required the presence of O,
detoxification mechanisms [9,63], it required the pres-
ence of O,-tolerant pathways for essential cofactor
biosynthesis and substrate mobilization. Os-tolerant
enzymes that provide alternatives to the older O,
sensitive counterparts in essential cofactor biosynthesis
had to evolve and be expressible in the genome before
the use of O, as a terminal acceptor in respiratory
chains became an option for any microbe. Stated
another way, O; is useless for a cell if the cell cannot
grow in the presence of O, for lack of essential cofac-
tors—NAD™" [91], PLP [92], thiamine [95,96], quinones
[93,94], chlorophyll [73], cobalamin [88,89], or heme
[88]—whose anaerobic synthesis pathways are inhib-
ited by O,.

This selective pressure for the origin of O,-
tolerant and O,-dependent enzymes, first suggested
for chlorophyll biosynthesis [73], appears to apply
very generally to O,-dependent enzymes. Are there
glaring exceptions to the rule? There is one, a big
one—nitrogenase. Nitrogenase is rapidly inactivated
by O, through damage to its solvent-exposed FeS
clusters [128,137]. Yet in 4billion years, life has
never brought forth an O,-dependent or O,-tolerant
alternative to Mo, Fe or V-dependent forms of
nitrogenase. As a consequence, nitrogenase remained
inhibited by atmospheric O, at ca. 1% PAL
throughout the boring Pasteurian billion [12]. The
inhibition of FeS clusters in nitrogenase by O, is
well studied [128,137]. Nitrogenase inhibition by O,
is a special case among O,-dependent enzymes: it is
the most important O,-dependent enzyme that never
evolved. Nitrogenase inhibition might have been the
limiting factor for the increase in oxygen levels
throughout the boring billion, through a negative
feedback loop [12]. The essence of that negative
feedback loop is that prior to the origin of cellulose
synthesis by land plants, O, production by cyano-
bacteria and algae was stoichiometrically linked to
synthesis of cell mass with a roughly 5:1 C:N
ratio. Inhibition of nitrogenase brought biomass syn-
thesis (hence O, production) to an immediate halt
until environmental O, levels once again fell below
1% and nitrogenase could resume activity [12]. Even
though nitrogenase inhibition by O, acted locally on
FeS clusters in a protein, it exhibited an impact as
global as cyanobacterial O, production itself. Qur
survey of O,-dependent enzymes uncovers surprising
generality of O, inhibition [73] and identifies it as a
key mechanism that drove metabolic evolution,
enabling prokaryotes to colonize oxic habitats,

Oxygen diradical impact on prokaryotic evolution

governing the composition of Earth’s atmosphere
[12] for almost 2 billion years.
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ABSTRACT

The history of Earth’s atmospheric oxygen is a cornerstone of evolutionary biology. While unequivocal evidence for an increase in atmospheric Oy marks the Great
Oxidation Event (GOE) roughly 2.4 billion years ago, evidence underlying proposals for pre-GOE O, accumulation is debated. Here we have investigated the dis-
tribution of genes for oxygen reductases, the enzymes that consume O, 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 O, accumulation surrounding the GOE: (i) Negligible O, existed prior to the GOE. (ii) Cyanobacterial O, production
started at the GOE, yet was capped at 2 % [v/v] atmospheric O, the threshold at which cyanobacterial nitrogenase is inhibited by Oy. (iii) Production of 0.02 atm of
03 (2 % [v/v]) at the GOE buried roughly the entire atmospheric CO, inventory, causing sudden enrichment of }3C in dissolved inorganic carbon (the Lomagundi **C
anomaly), through RuBisCO isotope discrimination, without atmospheric O exceeding 2 % [v/v]. (iv) High atmospheric 2C at the end of the Lomagundi excursion
marks the origin of oxygen reductases, their rapid spread via function in respiratory CO, liberation, and the onset of equilibrium between photosynthetic O pro-

duction and respiratory O consumption at 2 % atmospheric Oa.

1. Introduction

Molecular oxygen, Oz, 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, s'3c (8'%c = [(13C/12C)samp1e/
(13C/12C)5tandard] - 1), in sedimentary rocks serves as a proxy for
increased organic carbon burial, which enable the persistence of
photosynthetically derived Oy 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~° present atmospheric level (PAL), or 10”7 atm,
prior to the GOE [6]. There are, however, reports that traces of atmo-
spheric Oy 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 Oz [9].
Anbar et al. [10] responded to that report and [11] responded in return.
There are also reports that synthesis of Oz from sand could have

generated O, pre-GOE [12-14], but the proposed mechanism involves
the synthesis of HyO, which is too reactive to have contributed to Oy
accumulation on an atmospheric scale [15,16]. The half-life of HoO5 is
only 0.7 s in the presence of Fe?t [15], which would preclude its role as a
source of environmental Oy or as a possible precursor to HzO 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 Oy [18], but the nodules in question are formed and deposited with
the help of Oy, rendering any such contribution to pre-GOE Oy 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—O5-
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 Oy. 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 O, production
by 3.2 Ga, 800 MY before the GOE, whereby reports using chromium
isotopes to infer pre-GOE O, 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 Jablonska & Tawfik [23] inferred evidence for
O, 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 Oy of 1077 atm prior to the GOE [6,36], all reports of pre-GOE O,
carry the caveat that pre-GOE O, 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 Oy [37,38]. There is no question that O, became environmen-
tally and physiologically relevant at the GOE [6]. What if there was no
rudimentary or locally restricted Oz 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 O on Earth corresponds 1:1 with the GOE. In that
case, the GOE marks the maximum age of O, respiration by prokaryotes
because without the substrate (O5), the Oy-reducing enzymes of respi-
ratory chains [40,41], and other O, dependent enzymes [16] could have
no selectable O,-dependent function. This line of reasoning—that the
GOE is the calibration point for the origin of O»-dependent enzymes—is
almost entirely absent in the molecular-based literature on O history,
and no molecular dating studies, except of Soo et al. [42], to our
knowledge have suggested an origin of O, dependent enzymes subse-
quent to the GOE, that is, molecular dating studies consistently date the
origin of Oy 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
813C values over the last 3.5 billion years [43,44]. During the LJE,
513C values increased to roughly +5 to 410 %o, indicating, at face value,
massive primary production and carbon burial, which under standard
geochemical models [3,4,45] corresponds to massive Oy 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
513C enrichment at the LJE would imply that O, 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 §'°C
anomaly during the LJE, in terms of O levels, an open question [48].

Following the LJE, 8'3C values fall to levels indicating roughly 1-10
% of present atmospheric O 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 O, and that inhibition limits cyanobacterial growth and O, pro-
duction, on a global scale, until O3 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
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[60,62,63].

On the modern Earth, O3 consumption by oxygen reductases roughly
equals Oy production [64,65]. Without biological O, consumption
through respiratory terminal oxidases, Oz would rise to levels that
promote spontaneous combustion in forests. There are four basic types
of oxygen reductases that maintain O, 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. 1¢) [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 O, 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 Og-levels,
the affinity of HCO and AOX and PTOX oxygen is low, requiring Og-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 5'3C 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
etal. [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 Miiller
[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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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 ¢) 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).

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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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'° 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° 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'° 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.

BBA - Bioenergetics 1867 (2026) 149575

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 HdArDE 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 HArE 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,
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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.)

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
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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.)

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 Oy
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 Oy
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
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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 Oy 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 Oy > 107° of present atmospheric levels
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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
O3 - 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 Oz 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 O sinks, such as Op-consuming reactions with marine and
atmospheric reductants [2,36], or diminished Oy sources, namely
extrinsic or intrinsic caps on cyanobacterial primary production, from
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phosphorus limitation [111], Fe toxicity [112], nitrogenase inhibition
by O 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 O, at the GOE simply reflects the rapid (initially
exponential) growth of cyanobacteria subsequent to their origin [59].
Collectively, geochemical evidence for free Oy before the GOE has been
criticized as reflecting post-depositional alteration with oxic waters
[9,301, and as involving light-driven redox reactions that occurred in the
absence of free Oy [37,39]. Other geochemical evidence from shallow-
water banded iron formations has been used to argue that the marine
surface and atmosphere contained <10~ PAL O, 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 Oz-sinks
(e.g., atmospheric Hy and marine Fe?") 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 O (and oxygenic phototrophs) prior to the
GOE, and 2) a satisfying explanation for how photosynthetic Oy 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 O, 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 O, content was close to the Pasteur point (the Oz
concentration at which facultative anaerobes switch to O, respiration)
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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 O, namely that produced by water-splitting photosynthesis [71].
However, O, diffuses out of the cyanobacterial cell faster than it is
produced, such that the O, concentration in cyanobacterial cells
generated by de novo Oz production is 0.25 pM to 0.025 pM [118]. The
O, 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 uM, [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]. Oz 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 O3
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 O,. By contrast, many FeS clusters undergo
oxidative damage upon contact with Oy, such that O, inactivates en-
zymes with surface accessible FeS clusters [61]. Note, however, that
many FeS clusters are stable in the presence of Oy, 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 O, [125,126],
yet for O 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 Oy 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 '3C enriched marine dissolved inorganic carbon (DIC) pool,
which is the sum of dissolved CO,, HCO3 and CO%’ (Fig. 6). This in-
crease in 13C in the DIC pool indicates increased primary production by
oxygenic photosynthesizers, because Rubisco discriminates against
13C0,, preferentially incorporating 12CO, into biomass [129], leaving
excess 13C in the atmosphere and hence in the DIC pool. Forests during
the Carboniferous, for example, deposited CO, as photosynthate that
became rapidly buried and thus became our modern coal reserves,
generating atmosphere O levels on the order of 150 % PAL, which is
reflected in high '3C vaules in DIC of the Caboniferous. Today, photo-
synthetic CO; fixation and O, respiration take place are roughly equal
rates, such that atmospheric O, levels are stable [64,65]. It is now
agreed that the high '3C at the Lomagundi excursion need not reflect Oy
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 '>C 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 % CO,, 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 O3 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 % O, and without nitrogenase, no net CO fixation
(cyanobacterial cell synthesis) is possible [58,59].

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

Nitrogenase inhibition limits
0, to 10% PAL (0.02 atm)

Runaway photosynthesis
(there is nothing to stop |t)

sunlight
+12H,0 — C¢H,,04 + 60,

Origin of cyanobacterial
photosynthesis /_\‘

endogenous O synthesis generates intracellular O; levels of 0.25 pM to
0.025 pM [118], 10 to 100 times lower than that required to inhibit
nitrogenase [59]. In oxygenic photosynthesis, one CO is consumed for
every Oz produced. The GOE would have consumed all CO2 contained in
a 2 % CO atmosphere. Even with a modern Rubisco, that CO, depletion
would be expected to generate a very substantial alteration in the 13C
isotope record reflecting high carbonate 'C simply as evidence of
increased carbon burial [48,129]. If the atmosphere contained less than
0.02 atm CO; at the time of the LJE (Fig. 7) [36], the GOE (which
generated 0.02 atm Oy in the atmosphere) would have essentially
scrubbed the atmosphere free of CO,, bringing O, production to a halt,
which apparently did not happen (Fig. 7). A 5 % CO, atmosphere would
have been depleted in CO5 roughly by half.

One could argue that respiratory processes were replenishing at-
mospheric CO,, 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
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Fig. 7. Model for the causes of Lomagundi-Jatuli excursion (LJE) in connection with the evolution of atmospheric gases as O, and CO,.
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absence of bd oxidases or HCO in respiratory chains, anaerobic respi-
rations could have returned some CO, to the atmosphere. But by the
measure of modern CO; cycling, the contribution of anaerobic respira-
tions (SOa, Fe3+) or fermentations would have been modest [64,65],
because more than 99 % of biological CO; production today comes from
O 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 2C-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 Oy-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 '>C enrichment in the marine DIC pool,
but at no more than 2 % O 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 CO3 level (0.02 atm) sufficient to support the synthesis of 0.02
atm of Oy. Following the origin of oxygen reductases at the end of the
LJE and the GOE, CO; production through respiration and Oy 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 % O, for almost 2 billion years until the origin
of land plants [49], because of nitrogenase inhibition [58,59] by Oa.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbabio.2025.149575.
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6 Zusammenfassung der Ergebnisse

Prokaryotische Genome werden stark durch LGT und Genverlust beeinflusst, wodurch ein
Prozess des Genflusses entsteht (Mira et al. 2001, Arnold et al. 2022). Dieser Genfluss
generiert die Pangenom Struktur, welche ein konserviertes Kerngenom beinhaltet, das von
einem variablen akzessorischen Genom umrandet wird (Tettelin ez al. 2005, Medini et al. 2005,
Tettelin et al. 2008, Vernikos et al. 2015, Brockhurst et al. 2019). Genflussraten wurden bis
heute hauptséichlich auf der Spezies- und Genusebene untersucht, wobei eine starke Beziehung
zwischen phylogenetischer Distanz und Menge an Genunterschieden entdeckt wurde (Hao &
Golding 2006, Marri et al. 2006, Marri et al. 2007, Nowell et al. 2014, Wolf et al. 2016,
Touchon et al. 2009, Wielgoss et al. 2016, Andreani et al. 2017, Rocha 2018, Haudiquet et al.
2022). Jedoch sind diese Studien nicht direkt vergleichbar, da entweder die Berechnungen der
phylogenetischen Distanz auf unterschiedlichen Methoden basieren oder auf Kerngenen
beruhen, welche stark von der Zusammensetzung des Pangenoms abhédngig sind (Vernikos et
al. 2015).

In Publikation I wurden prokaryotische Genflussraten anhand von 5.655 Genomen
und 2.872 MAGs berechnet und iiber verschiedene Taxa hinweg miteinander verglichen. Die
Genflussraten wurden basierend auf der Beziehung zwischen Sequenzdivergenz universeller
und konservierter Kerngene sowie Unterschieden im Geninhalt prokaryotischer Genompaare
berechnet. Wie in vorherigen Studien zeigt sich auch in dieser Publikation eine stark positive
Beziehung zwischen beiden Messwerten (Touchon et al. 2009, Wolf et al. 2016, Wielgoss et
al. 2016, Andreani et al. 2017, Rocha 2018, Haudiquet et al. 2022, Trost et al. 2024). Die
Genflussraten hoherer prokaryotischer Taxa wiesen nahezu identische Werte auf, mit einer
durchschnittlichen bakteriellen Rate von 2,9 % und eine archaellen Rate von 2,57 % Geninhalt-
Unterschieden pro 1 % Aminosduresequenzdivergenz der Kerngene. Dieses Muster wird auch
in den Analysen metagenomisch-assemblierter Genome bestétigt, sofern die Qualitdt der
einzelnen MAGs hoch genug ist (> 80 %).

Auf der Genus- bis zur Phylum-Ebene bleiben diese Genflussraten fast konstant und
sinken nur leicht, mit steigendem taxonomischem Rang. Wohingegen die Werte auf der
Spezies-Ebene stark variieren. Die dhnlichen Genflussraten in hdheren prokaryotischen Taxa
sowie {iiber verschiedene taxonomische Ebenen hinweg deuten grundsétzlich auf ein
uhrihnliches Verhalten der Verdnderung des Geninhalts relativ zZu

Aminosduresequenzdivergenz in den universellsten und am vertikalsten vererbten Genen in
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Prokaryoten. Die Genflussraten moderner prokaryotischer Genome kdnnten somit genauso alt
sein wie Prokaryoten selber. Des Weiteren unterstreicht dies, dass LGT eine natiirliche
Komponente der Evolution von Prokaryoten ist (Trost et al. 2024).

Anhand der Genflussraten hoherer Taxa konnen auch Schétzungen fiir den
durchschnittlichen Anteil akzessorischer Gene in aktuellen Genomen gemacht werden. Dies
kann als Hinweis gesehen werden, dass es Pangenomstrukturen mit stabilem Kerngenom und
variablen akzessorischem Genom in Prokaryoten schon seit der Entstehung der bakteriellen
und archaellen Linie gibt (Trost et al. 2024).

Der zweite Teil der Arbeit (Publikation II und III) geht ndher auf die Evolution von
atmosphirischem Sauerstoff ein. Klare Erkenntnisse zeigen, dass der Sauerstoffgehalt vor ca.
2,4 Milliarden Jahren stark anstieg, das GOE (Holland 2002, Gumsley et al. 2017). Einige
Studien untersuchen die Moglichkeit, dass Sauerstoft bereits kurz vor dem GOE in geringen
Konzentrationen in der Atmosphére auftrat (Anbar et al. 2007, Kaufman et al. 2007, Czaja et
al. 2012, Crowe et al. 2013, Meixnerova et al. 2021, He et al. 2021, Stone et al. 2022, He et
al. 2023, Sweetman et al. 2024). Diese Studien, die oft auf molekulare Phylogenien von O»-
metabolisierenden Enzymen basieren (Brochier-Armanet et al. 2009, Boden et al. 2021,
Jablonska & Tawfik 2021, Bafana et al. 20200, He et al. 2023, Davin et al. 2025, Elling et al.
2025), nehmen durch ihre Methodik automatisch an, dass die Enzyme nicht durch LGT
beeinflusst wurden. Heute ist jedoch klar, dass fast alle Gene prokaryotischer Genome lateral
transferiert werden (Nagies et al. 2020, Dagan & Martin 2007, Dagan et al. 2008, Trost et al.
2024). Eine Analyse aus Publikation II untersucht ebenfalls, inwiefern sich der Einfluss von
LGT auf sauerstoffabhingige und sauerstoffunabhidngige Gene unterscheidet. Dazu wurden
Vertikalititsmesswerte einzelner Gene genutzt, welche beschreiben, wie hdufig ein Gen
zwischen Abstammungslinien transferiert wurde (Nagies et al. 2020). Es zeigt sich deutlich,
dass sauerstoffabhéngige Gene mehr durch LGT beeinflusst werden, als sauerstoffunabhédngige
Gene. Dieses Ergebnis bleibt liber verschiedene funktionelle Kategorien hinweg konsistent.
Weitere Ergebnisse aus Publikation II deuten darauf hin, dass O»-abhingige Enzyme einen
physiologischen Vorteil mit Zunahme der Sauerstoffkonzentration vor ca. 2,4 Milliarden Jahren
hatten. Im Gegensatz zu traditionellen Annahmen, nach denen O;-abhingige Enzyme
hauptsdchlich mit aerober Atmung und damit einhergehender Energiegewinnung verkniipft
werden (Rytkonen 2018), deuten Analysen aus Publikation II darauf hin, dass prokaryotische
Zellen zunichst in der Lage sein mussten in sauerstoffreichen Umgebungen zu tiberleben bevor
sie Oz zur Steigerung der Energieeffizienz nutzen konnten. Somit bestand die entscheidende

physiologische Anpassung, die durch Oz-abhiingige Enzyme bewirkt wurde, zunéchst in der
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Resistenz gegeniiber Sauerstofftoxizitit. Diese Resistenz entstand, indem zusétzliche O»-
abhingige Enzyme in prokaryotische Genome integriert oder Oz-sensitive Enzyme durch
funktionelle, O2-abhidngige Analoge ausgetauscht wurden (Mrnjavac ef al. 2024).

Anders als molekulare Methoden setzen geochemische Befunde den Ursprung von
relevanten Mengen an Sauerstoff in der Atmosphédre mit dem GOE gleich (Holland 2002,
Gumsley et al. 2017), was bedeuten wiirde, dass auch Sauerstoff-metabolisierende Enzyme wie
terminale Oxidasen ihren Ursprung mit oder kurz nach dem GOE haben. In Publikation III
wurde der Ursprung von terminalen Oxidasen sowie ihre Verteilung in prokaryotischen
Abstammungslinien untersucht, indem ihr Auftreten in verschiedenen Taxa auf einen zeit-
kalibrierten phylogenetischen Baum (Mahendrarajah et al. 2023) kartiert wurde. Dieser Ansatz
unterscheidet sich von vorherigen phylogenetischen Studien, da (i) das GOE als friihste
Moglichkeit einer Entstehung der terminalen Oxidasen akzeptiert wurde, (ii) die Existenz von
LGT bei prokaryotischen Genen, besonders sauerstoffabhéingigen Genomen akzeptiert wurde
und (iii) ein unabhéngiger phylogenetischer Baum zur Datierung genutzt wurde, welcher nicht
auf Sauerstoff-metabolisierenden Enzymen basiert, sondern auf Basis der hauptsédchlich
vertikal vererbten ATP-Synthase generiert wurde.

Die Daten aus Publikation III weisen darauf hin, dass Cytochrom-bd Oxidasen, Him-
Kupfer-Oxidasen und alternative Oxidasen (AOX, PTOX) im Zuge des GOE vor etwa 2,4
Milliarden Jahren entstanden sind, woraufhin diese Gene stark von LGT beeinflusst wurden.
AuBlerdem unterstreichen die Ergebnisse die Physiologie rund um das GOE und er6ffnen ein
biologisches Modell, dass die '*C-Isotpenanomalie der Lomagundi-Jatuli Exkursion (LJE) als
Produkt eines einzigen cyanobakteriellen Enzyms direkt erkléren. Diese besagt, dass zundchst
vor dem GOE den Vorldufern der Cyanobakterien ein Sauerstoffentwicklungs-Komplex fehlte,
sodass Cyanobakterien keinen Beitrag zum atmosphérischen O: leisten konnten. Mit Beginn
des GOE wurden Cyanobakterien sauerstoffproduzierend. Thr ungebremstes Wachstum fiihrte
zu einer exponentiellen Anreicherung von Oz in der Atmosphére, die jedoch bei 2 % [v/V]
atmosphérischem O» begrenzt war, da die Stickstofffixierung der Cyanobakterien, speziell die
Nitrogenasen, durch Oz oberhalb dieser Schwelle gechemmt werden. Da das atmosphérische
CO; zum Zeitpunkt des GOE auf etwa 0,02 atm geschitzt wird, verbrauchte die Produktion
von 0,02 atm O durch Kohlenstoffbindung mittels des Enzyms RuBisCo fast den gesamten
atmospharischen CO»-Vorrat. Dies fiithrte zu einer extremen Anreicherung von '*C in der
Atmosphire, der LJE, verursacht durch die Isotopendiskriminierung von RuBisCo. Die LJE
fand jedoch bei einem O2-Gehalt von 2 % statt, da die durch Nitrogenase auferlegte strenge

Obergrenze fiir die O2-Anreicherung bis zum Entstehen der Landpflanzen in Kraft blieb. Der
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hohe '2C-Gehalt in der Atmosphire am Ende der Lomagundi-Jatuli-Exkursion markiert den
Ursprung der Sauerstoffreduktasen, ihre rasche Verbreitung durch ihre Funktion der
Freisetzung von CO; bei der Atmung und den Beginn des Gleichgewichts zwischen
photosynthetischer O»-Produktion und respiratorischem O»-Verbrauch, zunichst bei einem

atmosphérischen O»-Gehalt von 2 % (Trost et al. 2026).

71



Literaturverzeichnis

7 Literaturverzeichnis

Abe, K., Nomura, N. & Suzuki, S. (2020). Biofilms: hot spots of horizontal gene transfer
(HGT) in aquatic environments, with a focus on a new HGT mechanism. FEMS

Microbiol Ecol. 96:f1aa031.

Albalat, R. & Caiestro, C. (2016). Evolution by gene loss. Nat Rev Genet. 17:379-391.

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

Allen, J.F., Thake, B. & Martin, W.F. (2019). Nitrogenase inhibition limited oxygenation of
Earth’s Proterozoic atmosphere. Trends Plant Sci. 24:1022—1031.

Almeida, A., Nayfach, S., Boland, M. ef al. (2021) A unified catalog of 204,938 reference

genomes from the human gut microbiome. Nat Biotechnol. 39:105-114.

Anbar, A.D. & Knoll, A.H. (2022) Proterozoic Ocean chemistry and evolution: a bioinorganic
bridge? Science. 297:1137-1142.

Andreani, N.A., Hesse, E. & Vos, M. (2017) Prokaryote genome fluidity is dependent on
effective population size. ISME J. 11:1719-1721.

Anbar, A.D., Duan, Y., Lyons, T.W. et al. (2007) A whiff of oxygen before the great oxidation
event? Science. 317:1903—-1906.

Arnold, B.J., Huang, I. & Hanage, W.P. (2022) Horizontal gene transfer and adaptive evolution
in bacteria. Nat Rev Microbiol. 20:206-218.

Atteia, A., van Lis, R., van Hellemond, J.J. et al. (2004) Identification of prokaryotic
homologues indicates an endosymbiotic origin for the alternative oxidase of

mitochondria (AOX) and chloroplasts (PTOX). Gene. 330:143—148.

Barrick, J.E., Yu, D.S., Yoon, S.H. et al. (2009) Genome evolution and adaptation in a long-
term experiment with Escherichia coli. Nature. 461:1243—1247.

78



Literaturverzeichnis

Baumdicker, F. & Kupczok, A., (2023) Tackling the pangenome dilemma requires the
concerted analysis of multiple population genetic processes. Genome Biol Evol.

15:evad067.

Bekker, A., Holland, H.D., Wang, P-L. et al. (2004) Dating the rise of atmospheric oxygen.
Nature. 427:117-120.

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

Berthold, D.A. & Stenmark, P. (2003) Membrane-bound diiron carboxylate proteins. Annu Rev
Plant Biol. 54:497-517.

Borisov, V.B., Gennis, R.B., Hemp, J. et al. (2011) The cytochrome bd respiratory oxygen
reductases. Biochim Biophys Acta. 1807:1398—-1413.

Borisov, V.B., Gennis, R.B., Hemp, J. et al. (2015) The cytochrome bd respiratory oxygen
reductases. Biochim Biophys Acta. 1807:1398—-1413.

Boughner, L.A. & Singh, P. Microbial Ecology: Where are we now? Postdoc J. 4:3—17.

Brockhurst, M.A., Harrison, E., Hall, J.PJ. et al. (2019) The Ecology and Evolution of
Pangenomes. Curr Biol. 29:1094-1103.

Canfield, D.E. (1998) A new model for Proterozoic Ocean chemistry. Nature. 396:450—453.

Chain, P.S.G., Gratham, D.V.,, Fulton, R.S. ef al. (2009) Genomics. Genome project standards

in a new era of sequencing. Scienc.e 326:236-237.

Chen, 1., Christie, P.J. & Dubnau, D. (2005). The Ins and Outs of DNA Transfer in Bacteria.
Science. 310:1456—-1460.

Chklovski, A., Parks, D.H., Woodcroft, B.J. et al. (2023) CheckM2: a rapid, scalable and
accurate tool for assessing microbial genome quality using machine learning. Nat

Methods. 20:1203-1212.

79



Literaturverzeichnis

Crowe, S.A., Dessing, L.N., Beukes, N.J. et al. (2013). Atmospheric oxygenation three billion
years ago. Nature. 40:535-538.

Czaja, A.D., Johnson, C.M., Roden, E.E. et al. (2012) Evidence for free oxygen in the
Neoarchean ocean based on coupled iron-molybdenum isotope fractionation. Geochim

Cosmochim Acta. 86:118—-137.

Dagan, T. & Martin, W.F. (2007) Ancestral genome sizes specify the minimum rate of lateral
gene transfer during prokaryote evolution. Proc Natl Acad Sci U S A. 104:870-875.

Dagan, T., Artzy-Randrup, Y., & Martin, W. (2008). Modular networks and cumulative impact
of lateral transfer in prokaryote genome evolution. Proc Natl Acad Sci U S A. 105:1099—
1108.

Darwin, C. (1860) Uber die Entstehung der Arten im Thier- und Pflanzen-Reich durch
natiirliche Ziichtung. Stuttgart: Schweizerbart.

Davin, A.A., Woodcroft, B.J., Soo, R.M. et al. (2025) A geological timescale for bacterial

evolution and oxygen adaptation. Science. 388:6742.

Degli Esposti, M., Rosas-Pérez, T., Servin-Garciduenas, L.E. et al. (2015) Molecular evolution
of cytochrome bd oxidases across proteobacterial genomes. Genome Biol Evol. 7:801—

820.

Demoulin, C.F., Lara, Y.J., Lambion, A. ef al. (2024) Oldest thylakoids in fossil cells directly
evidence oxygenic photosynthesis. Nature. 625:529-534.

Doolittle, W.F. (1999). Phylogenetic classification and the universal tree. Science. 284:2124—
2129.

Dubey, G.P. & Ben-Yehuda, S. (2011). Intercellular nanotubes mediate bacterial
communication. Cell. 144:590—-600.

Dubnau, D. (1999) DNA Uptake in Bacteria. Annu Rev Microbiol. 53:217-244.

Fischer, W.W., Hemp, J. & Johnson, J.E. (2016). Evolution of oxygenic photosynthesis. Annu
Rev Earth Planet Sci. 44:647-683.

80



Literaturverzeichnis

Frauenstein, F., Veizer, J., Beukes, N. et al. (2009) Transvaal Supergroup carbonates:

Implications for Paleoproterozoic 8'*0 and 8'3C records. Precambrian Res. 174:149—

160.

Garza, D.R. & Dutilh, B.E. (2015) From cultured to uncultured genome sequences:
metagenomics and modeling microbial ecosystems. Cell Mol Life Sci. 72:4287-4308.

Goris, J., Konstantinidis, K. T., Klappenbach, J.A. et al. (2007) DNA-DNA hybridization values
and their relationship to whole-genome sequence similarities. Int J of Syst Evol

Microbiol. 57:81-91.

Gumsley, A.P., Chamerlain, K.R., Bleeker, W. et al. (2017) Timing and tempo of the Great
Oxidation Event. Procs Nat Acad Sci U S A. 114:1811-1816.

Han, K., Li, Z., Peng, R. ef al. (2013) Extraordinary expansion of a Sorangium cellulosum

genome from an alkaline milieu. Sci Rep. 3:2101.

Hao, W. & Golding, G.B. (2006) The fate of laterally transferred genes: life in the fast lane to
adaptation or death. Genome Res. 16:1655—1663.

Haudiquet, M., De Sousa, J.M., Touchon, T. et al. (2022) Selfish, promiscuous and sometimes
useful: how mobile genetic elements drive horizontal gene transfer in microbial

populations. Philos Trans R Soc Lond B Biol Sci. 377:20210234.

Hayashi, T., Makino, K., Ohnishi, M. et al. (2001) Complete genome sequence of
enterohemorrhagic, Escherichia coli O157:H7 and genomic comparison with laboratory

strain K-12. DNA Res. 8:11-22.

Hayes, J.M. (1993) Factors controlling '*C contents of sedimentary organic compounds:

Principles and evidence. Mar Geol. 113:111-125.

He, H., Wu, X., Xian, H. ef al. (2021). An abiotic source of Archean hydrogen peroxide and
oxygen that pre-dates oxygenic photosynthesis. Nature. 12:6611.

He,H., Wu, Y., Zhu, J. et al. (2023). A mineral-based origin of Earth’s initial hydrogen peroxide
and molecular oxygen. Proc Nat Acad Sci U S A. 120:€2221984120.

81



Literaturverzeichnis

Hodgskiss, M.S.W., Crockford, P..W., Peng, Y. et al. (2019) A productivity collapse to end
Earth’s Great Oxidation. Proc Nat Acad Sci U S A. 116:17207-17212.

Hogg, J.S., Hu, F.Z., Janto, B. et al. (2007). Characterization and modeling of the Haemophilus
influenzae core and supragenomes based on the complete genomic sequences of Rd and

12 clinical nontypeable strains. Genome Biol. 8:R103.

Holland, H.D. (2002) Volcanic gases, black smokers, and the great oxidation event. Geochim
Cosmochim Acta. 66:3811-3826.

Holland, H.D. (2006) The oxygenation of the atmosphere and oceans. Philos Trans R Soc Lond
B Biol Sci. 361:903-915.

Hu, Z., Cheng, L. & Wang, H. (2015) The Illumina-solexa sequencing protocol for bacterial
genomes. Methods Mol Biol. 1231:91-97.

Huson, D.H. & Bryant, D. (2006). Application of Phylogenetic Networks in Evolutionary
Studies. Mol Biol Evol. 23:254-267.

Jablonska, J. & Tawfik, D.S. (2021) The evolution of oxygen-utilizing enzymes suggests early
biosphere oxygenation. Nat Ecol Evol. 5:442—448.

Jiang, S.C. & Paul, J.H. (1998) Gene transfer by transduction in the marine environment. App!/
Environ Microbiol. 64:2780-2787.

Karhu, J.A. & Holland, H.D. (1996) Carbon isotopes and the rise of atmospheric oxygen.
Geology. 24:867-870.

Kato, K., Miyazaki, N., Hamaguchi, T. et al. (2021). High-resolution cryo-EM structure of

photosystem II reveals damage from high-dose electron beams. Commun Biol. 4:382.

Kaufman, A.J., Johnston, D.T., Farquhar, J. et al. (2007). Late Archean Biospheric Oxygenation
and Atmospheric Evolution. Science. 317:1900—-1903.

Kimura, M. (1968) Evolutionary rate at the molecular level. Nature. 217:624—626.

82



Literaturverzeichnis

Kitahara, K. & Miyazaki, K. (2013) Revisiting bacterial phylogeny: Natural and experimental
evidence for horizontal gene transfer of 16S rRNA. Mob Genet Elements 2:¢24210.

Klatt, J.M., Chennu, A., Arbic, B.K. ef al. (2021). Possible link between Earth’s rotation rate

and oxygenation. Nat Geosci. 7:1-7.

Konstantinidis, K.T. & Tiedje, J.M. (2004) Genomic insights that advance the species
definition for prokaryotes. Proc Nat Acad Scie U S A. 102:2567-2572.

Koonin, E.V., Makarova, K.S. & Aravind, L. (2001) Horizontal gene transfer in prokaryotes:
quantification and classification. Annu Rev Microbiol. 55:709-742.

Koppenol, W.H. & Sies, H. (2024). Was hydrogen peroxide present before the arrival of
oxygenic photosynthesis? The important role of iron(Il) in the Archean Ocean. Redox

Biol. 69:103012.

Kunin, V. & Ouzounis, C.A. (2003) The balance of driving forces during genome evolution in

prokaryotes. Genome Res. 13:1589—-1594.

Kunin, V., Goldovsky, L., Darzentas, N. et al. (2005). The net of life: reconstructing the
microbial phylogenetic network. Genome Res. 15:954-959.

Kuntz, M. (2004) Plastid terminal oxidase and its biological significance. Planta 218:896—899.

Lang, A.S. & Beatty, J.T. (2006). Importance of widespread gene transfer agent genes in alpha-
proteobacteria. Trends Microbiol. 15:54—62.

Lawrence, J.G. & Ochman, H. (1998). Molecular archaeology of the Escherichia coli genome.
Proc Natl Acad Sci U S A. 95:9413-9417.

Lenton, T.M., Dahl, T.W., Daines, S.J. et al. (2016). Earliest land plants created modern levels
of atmospheric oxygen. Proc Natl Acad Sci U S A. 113:9704—0709.

Li, C., Huang, J., Ding, L. et al. (2021) Estimation of oceanic and land carbon sinks based on
the most recent oxygen budget. Earth's Future 9:¢2021EF002124.

Lok, C. (2015) Mining the microbial dark matter. Nature. 522:9413-9417.

83



Literaturverzeichnis

Lyons, T.W., Reinhard, C.T. & Planavsky, N.J. (2014) The rise of oxygen in Earth’s early ocean
and atmosphere. Nature. 506:307-315

Mahendrarajah, T.A., Moody, E.R.R., Schrempf, D. et al. (2023) ATP synthase evolution on a
cross-braced dated tree of life. Nat Commun. 14:7456.

Maiden, M.C.J., Bygraves, J.A., Feil, E. et al. (1998) Multilocus sequence typing: A portable
approach to the identification of clones within populations of pathogenic

microorganisms. Proc Natl Acad Sci U S A. 95:3140-3145.

Manni, M., Berkeley, M.R., Seppey, M. et al. (2021) BUSCO: Assessing Genomic Data Quality
and Beyond. Curr Protoc. 1:€323.

Marcy, Y., Ouverney, C., Bik, E.M. et al. (2007) Dissecting biological ‘dark matter’ with single-
cell genetic analysis of rare and uncultivated TM7 microbes from the human mouth. Proc

Natl Acad Sci U S A. 104:11889-11894.

Mardis, E., McPherson, J., Martienssen, R. et al. (2002) What is finished, and why does it
matter. Genome Res. 12:669-671.

Margulies, M., Egholm, M., Altman, W.E. ef al. (2005) Genome sequencing in microfabricated
high-density picolitre reactors. Nature. 437:376-380.

Marreiros, B.C., Calisto, F., Castro, P.J. et al. (2016) Exploring membrane respiratory chains.
Biochim Biophys Acta. 1857:1039-1067.

Marri, P.R., Hao, W. & Golding, G.B. (2006) Gene gain and gene loss in Streptococcus: is it
driven by habitat? Mol Biol Evol. 23:2379-2391.

Marri, P.R., Hao, W. & Golding, G.B. (2007) The role of laterally transferred genes in adaptive
evolution. BMC Evol Biol. 7:1-14.

Martin, A.P., Condon, D.J., Prave, A.R. ef al. (2013) A review of temporal constraints for the
Palaeoproterozoic large, positive carbonate carbon isotope excursion (the Lomagundi-

Jatuli Event) Earth Sci Rev. 127:242-261.

&4



Literaturverzeichnis

Martin, W. (1999) Mosaic bacterial chromosomes: a challenge en route to a tree of genomes.

Bioessays .21:99—-104.

Martin, W.F., Tielens, A.G.M. & Mentel, M. (2020) Mitochondria and Anaerobic Energy
Metabolism in Eukaryotes: Biochemistry and Evolution. De Gruyter, Berlin.

Matthews, C.A., Watson-Haigh, N.S., Burton, R.A. et al. (2024) A gentle introduction to
pangenomics. Brief Bioinform. 25:bbae588.

Maxwell, D.P, Wang, Y. & Mclntosh, L. (1999) The alternative oxidase lowers mitochondrial
reactive oxygen production in plant cells. Proc Nat Acad Sci U S A. 96:8271-8276.

McCutcheon, J.P. & Moran, N.A. (2012) Extreme genome reduction in symbiotic bacteria. Nat
Rev Microbiol. 10:13-26.

McDonald. A.E. & Vanlerberghe, G.C. (2005) Alternative oxidase and plastoquinol terminal

oxidase in marine prokaryotes of the Sargasso Sea. Gene. 11:15-24.

Mclnerney, J.O., McNally, A. & O’Connel, M.J. (2017) Why prokaryotes have pangenomes.
Nat Microbiol. 2:17040.

McKernan, K.J., Peckham, H.E., Costa, G.L. ef al. (2009) Sequence and structural variation in
a human genome uncovered by short-read, massively parallel ligation sequencing using

two-base encoding. Genome Res. 18:1527-1541.

Medini, D., Donati, C., Tettelin, H. et al. (2005). The microbial pan-genome. Curr Opin Genet
Dev. 15:589-594.

Meixnerova, J., Blum, J.D., Johnson, M.W. ef al. (2021). Mercury abundance and isotopic
composition indicate subaerial volcanisms prior to the end-Archean “whift” of oxygen.

Proc Nat Acad Sci U S 4. 118:€2107511118.

Melezhik, V.A., Fallick, A.E., Hanski, E.J. et al. (2005) Emergence of the aerobic biosphere
during the Archean-proterozoic transition: Challenges of future research. GSA Today.

15:4-11.

85



Literaturverzeichnis

Mills, D.B., Boyle, R.A., Daines, S.J. et al. (2022). Eukaryogenesis and oxygen in earth history.
Nat Ecol Evol. 6:520-532.

Mira, A., Ochman, H. & Moran, N.A. (2001). Deletional bias and the evolution of bacterial
genomes. Trends Genet. 17:589-596.

Mrnjavac, N., Nagies, F.S.P., Wimmer, J.L.E. et al. (2024). The radical impact of oxygen on
prokaryotic evolution — enzyme inhibition first, uninhibited essential biosynthesis

second, aerobic respiration third. FEBS Lett. 598:1692—-1714.

Mrnjavac, N., Degli Esposti, M., Mizrahi, L. ef al. (2024). Three enzymes governed the rise of
O on Earth. Biochim Biophys Acta. 1865:149496.

Mukherjee, 1., Large, R.R., Corkrey, R. et al. (2018) The boring billion, a slingshot for complex
life on earth. Sci. Rep. 8:4432.

Murali, R., Gennis, R.B. & Hemp, J. (2021) Evolution of the cytochrome bd oxygen reductase
superfamily and the function of Cyd AA’ in Archaea. ISME J. 15: 3534-3548.

Murali, R., Hemp, J. & Gennis, R.B. Evolution of quinol oxidation within the heme-copper

oxidoreductase superfamily. (2022) Biochim. Biophys. Acta. 1863:148907.

Nagies, F.S.P., Brueckner, J., Tria, F.D.K. et al. (2020) A spectrum of verticality across genes.
PLOS Genet. 16:¢1009200.

Nayfach, S., Roux, S., Seshadri, R. et al. (2021) A genomic catalog of Earth’s microbiomes.
Nat Biotechnol. 39:499-509.

Nowell, R.W., Green, S., Laue, B.E. ef al. (2014) The extent of genome flux and its role in the
differentiation of bacterial lineages. Genome Biol Evol. 6:1514—1529.

Ochman, H., Lawrence, J.G. & Groisman, E.A. (2000) Lateral gene transfer and the nature of
bacterial innovation. Nature. 405:299-304.

Pallen, M.J. & Wren, B.W. (2007) Bacterial pathogenomics. Nature. 449:835-842.

86



Literaturverzeichnis

Parks, D.H., Imelfort, M., Skennerton, C.T. et al. (2015) CheckM: assessing the quality of
microbial genomes recovered from isolates, single cells, and metagenomes. Genome Res.

25:1043-1055.

Park, D.H., Rinke, C., Chuvochina, M. et al. (2017) Recovery of nearly 8,000 metagenome-
assembled genomes substantially expands the tree of life. Nat Microbiol. 2:1533—-1542.

Parks, D.H., Chuvochina, M., Waite, D.W. et al. (2018) A standardized bacterial taxonomy
based on genome phylogeny substantially revises the tree of life. Nat Biotechnol. 36:996—
1004.

Pasolli, E., Asnicar, F., Manara, S. et al. (2019) Extensive Unexplored Human Microbiome
Diversity Revealed by Over 150,000 Genomes from Metagenomes Spanning Age,
Geography, and Lifestyle. Cell. 176:649—662.

Pedersen, G.B., Blaschek, L, Frandsen, K.E.H. et al. (2023) Cellulose synthesis in land plants.
Mol Plant. 16:206-231.

Pennisi, R., Salvi, D., Brandi, V. et al. (2016) Molecular Evolution of Alternative Oxidase
Proteins: A Phylogenetic and Structure Modeling Approach. J. Mol. Evol. 82:207-218.

Pereira, M.M., Santane, M. & Teixeira, M. (2001) A novel scenario for the evolution of haem-

copper oxygen reductases. Biochim. Biophys. Acta. 1505:185-208.

Perna, N.T., Plunkett 3rd, G., Burland, V. et al (2001) Genome sequence of
enterohaemorrhagic Escherichia coli O157:H7. Nature. 409:529-533.

Popa, O. & Dagan, T. (2011). Trends and barriers to lateral gene transfer in prokaryotes. Curr
Opin Microbiol. 14:615-635.

Poulton, S.W., Ralick, PW. & Canfield, D.E. (2004). The transition to a sulphidic ocean
approximately 1.84 billion years ago. Nature. 431:173—-177.

Prave, A.R., Kirsimie, K., Lepland, A. et al. (2022) The grandest of them all: the Lomagundi-
Jatuli Event and Earth’s oxygenation. J. Geol. Soc. Lond. 179:jgs2021-036.

87



Literaturverzeichnis

Puigbo, P, Lobkovsky, A.E., Kristensen, D.M. et al. (2014). Genomes in turmoil:

quantification of genome dynamics in prokaryote supergenomes. BMC Biology. 12:66.

Rappé, M.S. & Giovannoni, S.J. (2003) The uncultured microbial majority. Annu Rev
Microbiol. 57:369—-394.

Rinke, C., Schwientek, P., Sczyrba, A. et al. (2013) Insight into the phylogeny and coding
potential of microbial dark matter. Nature. 499:431-437.

Rocha, E.P.C. (2018) Neutral theory, microbial practice: challenges in bacterial population
genetics. Mol Biol Evol. 35:1338-1347.

Raymond, J. & Segre (2006) The effect of oxygen on biochemical networks and the evolution
of complex life. Science. 311:1764-1767.

Rytkonen, K.T. (2018) Evolution: Oxygen and early animals. Elife 7:e34756.

Schidlowski, M., Eichmann, R. & Junge, C.E. (1976) Carbon isotope geochemistry of the
Precambrian Lomagundi carbonate province, Rhodesia. Geochim. Cosmochim. Acta.

40:449-455.

Schidlowski, M. (1988) A 3,800-million-year isotopic record of life from carbon in
sedimentary rocks. Nature. 333:313-318.

Segerman, B. (2012) The genetic integrity of bacterial species: the core genome and the

accessory genome, two different stories. Front Cell Infect Microbiol. 2:116.

Setubal, J.C. (2021) Metagenome-assembled genomes: concepts, analogies, and challenges.

Biophys Revi. 13:905-909.

Sharma, V. & Wikstrom, M. (2014) A structural and functional perspective on the evolution of

the heme-copper oxidases. FEBS Lett. 588:3787-3792.

Shen, J.-R. (2015). The structure of photosystem II and the mechanisms of water oxidation in

photosynthesis. Annu Rev of Plant Biol. 66:23—48.

88



Literaturverzeichnis

Simao, F.A., Waterhouse, R.M., Ioannidis, P. et al. (2015) BUSCO: assessing genome assembly

and annotation completeness with single-copy orthologs. Bioinformatics 31:3210-3212.

Slotznick, S.P., Johnson, J.E., Rasmussen, B. et al. (2022) Reexamination of 2.5-Ga “whiff” of

oxygen interval points to anoxic ocean before GOE. Sci Adv. 8:eabj7190.

Sonnenberg, C.B., Kahlke, T. & Haugen, P. (2020) Vibrionaceae core, shell and cloud genes
are non-randomly distributed on Chr 1: An hypothesis that links the genomic location of

genes with their intracellular placement. BMC Genomics. 21:695.

Soo, R.M., Hemp, J., Parks, D.H. ef al. (2019) On the origins of oxygenic photosynthesis and

aerobic respiration in Cyanobacteria. Science. 355:1436—-1440.

Sousa, F.L., Alves, R.J., Ribeiro, M.A. ef al. (2012) The superfamily of heme-copper oxygen
reductases: types and evolutionary considerations. Biochim. Biophys. Acta. 1817:629—

637.

Stolper, D.A. & Keller, C.B. (2018) A record of deep-ocean dissolved O> from the oxidation

state of iron in submarine basalts. Nature. 553:323-327.

Stewart, W.D. & Lex, M. (1970) Nitrogenase activity in the blue-green alga Plectonema
boryanum strain 594. Arch Microbiol. 73:250-260.

Stone, J., Edgar, J.O., Gould, J.A. et al. (2022) Tectonically-driven oxidant production in the
hot biosphere. Nat Commun. 13:4529.

Stull, G.W., Qu, X., Parins-Fukuchi, C. et al. (2021) Gene duplications and phylogenomic
conflict underlie major pulses of phenotypic evolution in gymnosperms. Nat Plants.

7:1015-1025.

Sweetman, A.K., Smith, A.J., de Jonge, D.S.W. et al. (2024) Evidence of dark Oxygen
production at the abyssal seafloor. Nat Geosci. 17:737-739.

Tettelin, H., Masignani, V., Cieslewicz, M.J. et al. (2005) Genome analysis of multiple
pathogenic isolates of Streptococcus agalactiae: implications for the microbial “pan-

genome Proc Nat Acad Sci U S A. 102:13950-13955.

&9



Literaturverzeichnis

Tettelin, H., Riley, D., Cattuto, C. et al. (2008) Comparative genomics: the bacterial pan-
genome. Curr Opin Microbiol. 11:472-477.

Touchon, M., Hoede, C., Tenaillon, O. et al. (2009) Organised genome dynamics in the
Escherichia coli species results in highly diverse adaptive paths. PLOS Genet.
5:¢1000344.

Touchon, M., Perrin, A., Moura de Sousa, J.A. ef al. (2020) Phylogenetic background and
habitat drive the genetic diversification of Escherichia coli. PLOS Genet. 16:¢1008866.

Tourova, T.P., Kuznetzov, B.B., Novikova, E.V. ef al. (2001) Heterogeneity of the Nucleotide
Sequences of the 16S rRNA genes of the Type Strain of Desulfotomaculum kuznetsovii.
Microbiol. 70:678—684.

Treangen, T.J. & Rocha, E.P.C. (2011) Horizontal Transfer, Not Duplication, Drives the
Expansion of Protein Families in Prokaryotes. PloS Genet. 7:¢1001284.

Tria, F.D.K. & Martin, W.F. (2021) Gene duplications are at least 50 time less frequent than

gene transfers in prokaryotic genomes. Genome Biol Evol. 13:evab224.

Trost, K., Knopp, M.R., Wimmer, J.L.E. ef al. (2024) A universal and constant rate of gene
content change traces pangenome flux to LUCA. FEMS Microbiol Lett. 371:fnae068.

Trost, K., Gennis, R.B., Allen, J.F. et al. (2026) Oxygen reductase origin followed the great

oxidation event and terminated the Lomagundi excursion. BBA — Bioenergetics

1867:149575.

Vernikos, G., Medini, D., Riley, D.R. ef al. (2015) Ten years of pan-genome analyses. Curr
Opin Microbiol. 23:148—154.

Wayne, L.G., Brenner, D.J., Colwell, R.R. ef al. (1987) Report of the Ad Hoc Committee on
Reconciliation of Approaches to Bacterial Systematics. 1JSB. 37:463-464.

Whittaker, R.H. (1969) New concepts of kingdoms or organisms. Evolutionary relations are
better represented by new classifications than by the traditional two kingdoms. Science.

163:150-160.

90



Literaturverzeichnis

Wielgoss, S., Didelot, X., Chaudhuri, R.R. e al. (2016) A barrier to homologous recombination
between sympatric strains of the cooperative soil bacterium Myxococcus xanthus. ISME

J. 10:2468-2477.

Wikstrom, M.K.F. (1977) Proton pump coupled to cytochrome c¢ oxidase in mitochondria.

Nature. 266:271-273.

Woese, C.R. & Fox, G.E. (1977) Phylogenetic structure of the prokaryotic domain: the primary
kingdoms. Proc Nat Acad Sci U S A. 74:5088—5090.

Woese, C.R. (1987) Bacterial evolution. Microbiol Mol Biol Rev. 51:221-271.

Wolf, Y.I.,, Makarova, K.S., Lobkovsky, A.E. ef al. (2016) Two fundamentally different classes
of microbial genes. Nat Microbiol. 2:1-6.

Yang, C., Chowdhury, D., Zhang, Z. et al. (2021) A review of computational tools for
generating metagenome-assembled genomes from metagenomic sequencing data.

Comput Struct Biotechnol J. 19:6301-6314.

Yarza, P., Richter, M., Peplies, J. et al. (2008) The All-Species Living Tree project: A 16S
rRNA-based phylogenetic tree of all sequenced type strains. Syst Appl Microbiol.
31:241-250.

Zuckerkandl, E. & Pauling, L. (1965) Molecules as documents of evolutionary history. J Theor
Biol. 8:357-366.

91



Danke

Zunichst gilt mein besonderer Dank Prof. Dr. William F. Martin, der mir bereits wihrend
meines Bachelors die Moglichkeit gegeben hat, an seinem Institut zu arbeiten, und mich auch
wihrend meines Masters sowie meiner Promotion stets unterstiitzt und gefordert hat. Ein

herzliches Dankeschon gilt zudem meinem Zweitgutachter Prof. Dr. Sven B. Gould.

Ein weiterer Dank geht auch an alle Koautor:innen, mit denen ich das Gliick hatte,
zusammenzuarbeiten. Aulerdem mochte ich mich bei meinen Korrekturleser:innen Nico
Bremer, Luca Modjewski, Natalia Mrnjavac, Nils Kapust, Loraine Schwander und Nadja
Hoffmann bedanken, deren sorgfiltige Anmerkungen und Hinweise wesentlich zur

Verbesserung dieser Arbeit beigetragen haben.

Ein besonderer Dank gilt auerdem dem Spafbiiro und dem gesamten MolEvol-Team. Danke
fiir die gute Stimmung, den Zusammenbhalt und fiir viele Grillpartys bei Wind und Wetter. Ohne

Euch wire die Zeit im Institut nur halb so schon gewesen.

Zuletzt danke ich meinem Ehemann Rico, meiner Mutter Annette und meiner Schwester
Charlotte, die mich stets unterstiitzt und motiviert haben wéhrend meiner ganzen Schul-,
Universitits- und Promotionszeit. Euer Riickhalt hat diese Arbeit iiberhaupt erst moglich

gemacht.



