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1 Zusammenfassung

Vergleiche von DNS- bzw. Aminosduresequenzen um 1980 von Eukaryoten und Prokaryoten
lieferten Anhaltspunkte fiir eine engere Verwandtschaft der Eukaryoten mit Archaebakterien,
als mit Eubakterien. Mit der Verfligbarkeit von groferen Datensdtzen und mit Hilfe von
alternativen Betrachtungsweisen héuften sich Hinweise, dass Eukaryoten lediglich zu einem
Teil archaebakteriellen Ursprungs sind, und sich auch eine Verbindung zu Eubakterien findet.
Dies war in Ubereinstimmung mit der Idee, wonach die Mitochondrien der Eukaryoten friiher
einmal freilebende Eubakterien waren und erheblich zu der Entwicklung der Eukaryoten
beigetragen haben. Da ein GroBteil der Studien, welche sich mit dieser Frage beschéftigen auf
phylogenetischen Bdumen beruht, ist es von grofem Interesse die Zuverldssigkeit dieser
Bédume zu untersuchen.

Der erste Teil dieser Arbeit beschiftigt sich mit der Evolution von Eukaryoten und
Prokaryoten unter der Hypothese, dass ihr verwandtschaftliches Verhéltnis nicht unbedingt
mit herkdmmlichen phylogenetischen Darstellungen wiedergegeben werden kann. Dazu
wurden 27 eukaryotische und 994 prokaryotische Genome verglichen und die Verteilung der
eukaryotischen Gene auf die verschiedenen prokaryotischen Gruppen dargestellt. In
phylogenetischen Biaumen wurde bestimmt, welche prokaryotische Gruppe in diesen den
Eukaryoten am nichsten steht. Lediglich die Archaebakterien, hier besonders die
Euryarchaeota und die a-Proteobakterien, wurden dabei iiberdurchschnittlich hdufig ermittelt.
Dabei sind die Rickettsiales, eine Untergruppe der oa-Proteobakterien, im Gegensatz zu
fritheren Analysen, nicht besonders hervorgetreten.

Im zweiten Teil dieser Arbeit wurden die Ursachen und das AusmaBl von
widerspriichlichen phylogenetischen Signalen untersucht. Reprisentative Datensétze fiir
verschiedene Gruppen von Eukaryoten und Prokaryoten wurden verglichen und verschiedene
Parameter auf ihre Einflussnahme getestet. Fiir alle Datensétze konnte gezeigt werden, dass
phylogenetische Bdume, welche aus verketteten Sequenzdaten erstellt wurden, nur bedingt die
Signale der einzelnen Bidume wiedergeben. Die Lange der untersuchten Sequenzen hat sich
als ein entscheidender Einfluss herausgestellt. Langere Sequenzen erzeugen wesentlich
dhnlichere phylogenetische Baume als kiirzere Sequenzen.

Der letzte Teil dieser Arbeit untersucht Alternativen zu klassischen phylogenetischen
Analyse. Es wurden Eisen-Schwefel-Cluster formende Proteine als evolutiondre Marker

genutzt, um die Urspriinglichkeit einzelner Gruppen innerhalb der Prokaryoten zu
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untersuchen. Diese Proteine haben wahrscheinlich eine entscheidende Rolle bei der
Entstehung der ersten Organismen gespielt und ihre Anwesenheit kann als Indiz fiir sehr
urspriingliche Genome gedeutet werden. Die hdochste Anzahl dieser Proteine pro Genom
wurden in methanogenen Archaebakterien und in acetogenen bzw. sulfatreduzierenden

Eubakterien gefunden.



2 Summary

Comparisons of DNA- or amino acid sequences frm the 1980s indicated that eukaryotes are
more closely related to archaebacteria than to other prokaryotes. The availability of larger
datasets and alternative perspectives gave rise to hints that eukaryotes are probably only to a
certain amount of archaebacterial origin and have a connection to eubacteria as well. This was
in line with the idea that the eukaryotic mitochondria were once free-living eubacteria and
considerably contributed to the evolution of the eukaryotes. Since the majority of studies that
address that question are based on the phylogenetic trees, it is of interest to investigate the
reliability of these trees.

The first part of this thesis deals with the evolutionary relationship between eukaryotes
and prokaryotes considering the hypotheses, that their relationship cannot necessarily be
described with a phylogenetic tree. For this, 27 eukaryotic and 994 prokaryotic genomes were
compared, and the distribution of the eukaryotic genes on the different prokaryotic groups
was illustrated. Within phylogenetic trees it was determind which prokaryotic group was
found next to the eukaryotes. Solely the archaebacteria, especially the euryarchaeota, and the
a-proteobacteria these were found above average. The rickettsiales, a suborder of the a-
proteobacteria, did not stand out, in contrast to former studies.

In the second part of this thesis investigates the causes and the extent of conflicting
phylogenetic signals. Representative datasets for different eukaryotic and prokaryotic groups
were compared and different parameters were tested for their influence. For all datasets it
could been shown, that phylogenetic trees, which were made out of concatenated sequence
data, only partly reflect the signal of the single gene trees. The length of the examined
sequences emerged as a crucial influence. Longer sequences resulted in trees that are much
more similar to each other than shorter sequences.

The last part is investigates alternatives to classical phylogenetic analysis. Iron-sulfur-
cluster forming proteins were used as evolutionary markers to examine the antiquity of
individual groups within prokaryotes. These proteins might had a crucial role for the
formation of the first organisms and their presence could be interpreted as a indication for
very primordial genomes. The highest frequency of these proteins per genome was found

within methanogenic archaebacteria, acetogenic and sulfate reducing eubacteria, respectively.



3 Einleitung

3.1 Evolution der Eukaryoten und Prokaryoten

Es ist immer noch schwierig grundlegende Fragen iiber die Herkunft und Evolution der
Prokaryoten, sowie ihre Beziehung zu den Eukaryoten, detailliert zu beantworten, selbst mit
Hilfe der heutigen Menge an Sequenzdaten (Puigbo et al. 2009, Gribaldo et al. 2010,
Brochier-Armanet et al. 2011). Es wurden in neueren Studien viele Parameter aufgedeckt,
welche die eigentlichen phylogenetischen Untersuchungen erschweren (Jeffroy et al. 2006,
Castresana 2007, Salichos & Rokas 2013). Manche davon sind methodischer Natur, meist
betreffen sie die eigentliche Konstruktion der phylogenetischen Bidume (siche Kapitel 1.4),
andere haben wahrscheinlich biologische Ursachen, wie z.B. lateralen Gentransfer (siche
Kapitel 1.2 / 1.3). Daher sind die methodischen Einzelheiten bei der Rekonstruktion von
phylogenetischen Bdumen immer noch wichtige Forschungsthemen. Zuséatzlich wird versucht,
auf phylogenetische Analysen im herkdmmlichen Sinne zu verzichten oder sie durch andere

Konzepte, wie Netzwerke, zu ergdnzen (Dagan et al. 2010, Alvarez-Ponce et al. 2012).
3.1.1 Ursprung der Eukaryoten

Die Rekonstruktion von phylogenetischen Stammbdumen ist in der Biologie die
vorherrschende Methode zur Beschreibung von Abstammungsverhiltnissen. Die erste
phylogenetische Analyse, welche die Prokaryoten in die beiden Reiche Archaea und
Eubacteria einteilte, wurde 1977 von Woese & Fox veroffentlicht. Anhand ihrer Positionen in
einem phylogenetischen Baum, gab es, zusammen mit den Eukaryoten, nunmehr drei
Dominen, in welche Organismen eingeteilt wurden. Vorherige Einteilungen wurden meist
anhand von zelluldren Merkmalen getroffen. Diese Einteilung, welche anhand von 16S rRNS
bestimmt wurde, hat bis heute ihre Giiltigkeit behalten. Phylogenetische Baume, die alle drei
Dominen umfassen, wurden spéter mit Hilfe von Paaren von paralogen Genen gewurzelt, die
auch in allen drei Domédnen vorkommen (Iwabe et al. 1989, Gogarten et al. 1989). Dabei
handelte es sich um die Elongationsfaktoren EF-tu/1 und EF-G/2 (Iwabe et al. 1989) und um
die V- und F-type ATPasen (Gogarten et al. 1989). Dies ist moglich, da die Duplikation
dieser Gene vor der Entstehung der drei Gruppen aufgetreten ist. Bei jeder dieser Analysen

lag die Wurzel innerhalb der Eubakterien. Eine neuere Studie, welche einen auf
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phylogenetischen Netzwerken basierenden Ansatz zugrunde legte, sieht die Wurzel allerdings
zwischen Archae- und Eubakterien (Dagan et al. 2010).

Die Idee, dass Eukaryoten von den ,einfacheren* Prokaryoten abstammen, wurde
schon friith in der Literatur diskutiert (Allsopp 1969). Dass alle Eukaryoten bestimmte
Merkmale teilen, wie das Vorhandensein von Organellen und eines Zellkerns, legte die
Vermutung nahe, die Entstehung aller Eukaryoten konnte auf einen gemeinsamen Vorfahren
zuriickgehen (Allsopp 1969). Phylogenetische Analysen iiber die Verbindungen von
Eukaryoten zu Prokaryoten kamen zu dem Schluss, dass Eukaryoten mit Archaebakterien in
Verbindung stehen (Woese & Fox 1977, Woese et al. 1990). Die zuletzt genannte Studie
setzte bei ihren Analysen ausschlieBlich auf rRNS Daten. Spitere Studien, die sich nicht nur
auf die Analyse ribosomaler Gene beschrinkten, kamen dagegen zu grundlegend anderen
Schlussfolgerungen. Rivera et al. (1998) verglichen zwei eubakterielle Genome, ein
archaebakterielles Genom und ein Eukaryotengenom (Hefe), miteinander. Innerhalb des
Hefegenoms wurden ca. 350 Gene gefunden, die vergleichbare Homologe innerhalb der
Prokaryoten hatten. Alle Gene, welche als informationsverarbeitende Gene (informational
genes) eingestuft wurden, also Gene, deren Produkte an Translation, Trankskription und
Replikation beteiligt sind, schienen fast ausschlieSlich von den Archaebakterien zu stammen.
Wohingegen Gene die nicht an DNS-Verarbeitung beteiligt sind (operational genes, hier
Stoffwechselgene genannt), in allen Prokaryotengruppen gefunden wurden. Spéter zeigte sich,
dass es sogar wesentlich mehr eubakterielle Homologe in Eukaryoten gibt, als solche mit
archaebakteriellem Hintergrund (Esser et al. 2004). Von allen Proteinen in der Hefe hatten ca.
380 ausschlieBlich Homologe in Eubakterien. Es wurden lediglich 111 Proteine gefunden, die
nur Homologe in Archaebakterien hatten. Ungefdhr 75% aller Hefeproteine, welche ein
prokaryotisches Homolog besallen, hatten eine hohere Sequenzéhnlichkeit zu Eubakterien als
zu Archaebakterien. Auch hier gehdrten archaebakterielle Homologe eher zu der Gruppe der
informationsverarbeitenden Gene, und eubakterielle Homologe eher zu der Gruppe der
Stoffwechselgene, was die fritheren Befunde bestdtigte (Rivera et al. 1998). Folglich schien
der Ursprung der Eukaryoten nicht nur mit den Archaebakterien assoziert zu sein, sondern mit
beiden prokaryotischen Gruppen. Eine entsprechende Hypothese vermutet, dass es eine
Vorlduferzelle gab, dhnlich den heutigen Archaebakterien, welche eine Endosymbiose mit
einer Eubakterienzelle eingegangen ist (Esser et al. 2004, Rivera & Lake 2004). Dieser
Endosymbiont hitte sein Genom im Laufe der Zeit reduziert, so dass er von der Wirtszelle
abhéngig wurde und sich schlieBlich weiter reduziert hat bis er kein eigenstindiger

Organismus mehr war (Timmis et al. 2004). Im Laufe dieses Prozesses sind Gene aus dem
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Genoms des Endosymbioten in das Genom der Wirtszelle gewandert (Timmis et al. 2004).
Aus diesen Endosymbionten sind die heutigen Mitochondrien entstanden (Gray 1993). Ein
dhnliches Szenario wird fiir die Entstehung der Plastiden postuliert (Gray 1993).

Es ist nicht mit letzter Sicherheit geklart, welche rezente prokaryotische Spezies mit dem
damaligen Endosymbionten am néchsten verwandt ist. Wahrscheinlich stammen
Plastidengene von Cyanobakterien und mitochondriale Gene von o-Proteobakterien ab
(Margulis 1970, Gray 1993, Timmis et al. 2004). Dass nur wenige Gene in den Plastiden bzw.
Mitochondrien zuriickgeblieben sind und die meisten funktionellen Gene im Kern codiert
werden (Timmis et al 2004), erschwert die Analysen zusitzlich, da man nicht mit Sicherheit
sagen kann, welche Gene aus den Plastiden stammen. Die Zahl der im Mitochondrium
kodierten Gene liegt zwischen drei flir verschiedene Plasmodium Arten (Feagin 2000) und 97
in Reclinomonas americana (Lang et al. 1997). Bei R. americana handelte es sich
iiberwiegend um Gene, deren Proteine am Elektronentransport, der ATP-Synthese und am
Aufbau ribosomaler Strukturen beteiligt sind. Die restlichen Gene, welche vor der
Endosymbiose im Genom des a-Proteobakteriums vorhanden waren, sind entweder verloren
gegangen oder heute im Kerngenom der Wirtszelle kodiert. Warum vereinzelte Gene in den
Mitochondrien zuriickgeblieben sind, ist nicht vollstindig gekldrt. Es wird vermutet, dass
manche Gene aufgrund von Unterschieden im genetischen Code oder aufgrund ihrer
Hydrophobizitit nicht im Kern kodiert werden konnen (de Grey 2005) oder dass ihre
Expression direkt vom Redoxzustand ihrer Genprodukte reguliert werden muss (Allen 2003).

Studien, die sich mit dem Ursprung der Mitochondrien beschiftigten, ermittelten oftmals
die Gruppe der Rickettsiales (o-Proteobakterien) als mitochondrielle Vorfahren (Sicheritz-
Ponten et al. 1998, Williams et al. 2007), wobei nur die tatsdchlichen, im Mitochondrium
kodierten Gene untersucht wurden. Das Genom der Rickettsiales hat sich im Laufe der Zeit
stark verdndert und ist heute sehr klein im Vergleich zu anderern Prokaryoten (Darby et al.
2007, Merhej & Raoult 2010). Diese Tatsache konnte in Frage stellen, ob ein Vorfahre der
heutigen Rickettsiales groBe Ahnlichkeit mit heutigen Vertretern hat, da sie einen stirkeren
Wandel ausgesetzt sind als andere Prokaryoten (McCutcheon & Moran 2012). Ahnlichkeiten
zu Mitochondrien konnten auch daher riihren, dass beide dhnlichen Prozessen ausgesetzt
waren, die ihr Genom verkleinert haben, da Rickettsiales endozellulire Parasiten sind, welche
bekanntermaflen ein reduziertes Genom besitzen (Andersson & Kurland 1998, Moran et al.
2008). Mitochondriale Proteine aus Chlamydomonas reinhardtii, die im Kern kodiert sind
zeigten ein anderes Bild (Atteia et al. 2009). Die betrachteten 212 Gene deuten auf eine

stirkere Ahnlichkeit mit der Gruppe der Rhizobiales hin, eine weitere Untergruppe der a-
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Proteobakterien. Eine neuere Studie, in welcher die Vorfahren der Mitochondrien genauer
beschrieben werden sollte, kam zu dem Schluss, dass dies aufgrund von mehrdeutigen
Ergebnissen sehr schwierig ist (Abhishek et al. 2011). Auch wenn frithere Studien fiir sich in
Anspruch nahmen, zumindest die Gruppen relativ genau eingegrenzt zu haben.

Die Suche nach dem prokaryotischen Vorfahren der Chloroplasten gestaltet sich dhnlich
schwer. Aufgrund variierender Ergebnisse scheint es, dass keine einzelne cyanobakterielle
Gruppe in qualitativer oder quantitativer Weise eine besonders ausgeprigte Ahnlichkeit mit in

Pflanzen kodierten plastiddren Genen hat (Dagan et al. 2012, McFadden 2014).

3.1.2 Lateraler Gentransfer in Prokaryoten

Prokaryotische Genome sind davon geprdgt, dass sie grofle Teile ihres genetischen
Repertoires dynamisch untereinander austauschen konnen (Syvanen 1985, Ochmann et al.
2000). Diese horizontale Weitergabe der Gene (auch horizontaler oder lateraler Gentransfer
genannt, kurz LGT) kann auf verschiedenen Wegen erfolgen. Die folgenden sind bekannt: 1)
Transformation (Chen & Dubnau 2004), 2) Konjugation (Wozniak & Waldor 2010), 3)
Transduktion (Zinder und Lederberg 1952) und 4) Ubertragung per gene transfer agents
(Lang et al. 2012). Die Vielzahl an méglichen Ubertragungswegen ist ein Indiz dafiir, wie
weit verbreitet dieser Mechanismus in Prokaryoten ist.

Der statistisch ermittelte Anteil an Genen pro Prokaryotengenom, die durch lateralen
Transfer beeinflusst wurden, unterscheidet sich je nach betrachteter Gruppe. Nakamura et al.
(2004) fanden in dem prokaryotischen, endozelluldren Parasiten Buchnera sp. nur 0,5% von
LGT betroffene Gene, in dem Euryarchaeoten Methanosarcina acetivorans waren es
hingegen 25%. In einer spiteren Studie von Dagan et al. (2008) wurden &hnliche
Schwankungen beobachtet. Dort wurden je nach Phylum Werte zwischen 4% (Chlamydiae)
und 34% (d-proteobakterien) gemessen. Somit liegen beide Studien in etwa in dhnlichen
Bereichen, was das Ausmal} an LGT in Prokaryotengenomen betrifft. Aulerdem zeigen beide
Studien keine konstanten Raten fiir LGT. Diese beobachtete Bandbreite der Ergebnisse legt
nahe, dass nicht alle Gene gleich stark betroffen sind und nicht alle Prokaryoten mit derselben
Haufigkeit Gene austauschen.

Insbesondere Gene die an informationsverarbeitenden Prozessen beteiligt sind, werden
wesentlich seltener {ibertragen als Stoffwechselgene (Jain et al. 1999). Im Falle der genannten
Studie war die Transferrate fiir Stoffwechselgene viermal hoher als die fiir

informationsverarbeitende Gene. Als Erkldrung dafiir diente die eingeschrinkte Funktionalitat



3. Einleitung

eines einzelnen iibertragenen informationsverarbeitenden Genes. Da bei metabolischen
Funktionen einzelne Proteine ihre Aufgaben oft direkt durchfiihren, aber die Proteine von
informationsverarbeitenden Genen spéter oft Proteinkomplexe wie z.B. Ribosomen bilden,
oder allgemein mehr Interaktionspartner haben, sind diese alleine nicht funktionsfahig (Jain et
al. 1999). Neuere Studien bestitigen diesen Trend allerdings nur teilweise. Kanhere &
Vingron (2009) beschrieben, dass Gene, welche zwischen Archaebakterien und Eubakterien
iibertragen wurden, tatsdchlich vorwiegend Stoffwechselgene waren, wohingegen Gene, die
zwischen Eubakterien iibertragen wurden, gleichhdufig aus beiden Gruppen stammten. Als
weitere Griinde fiir unterschiedliche Ubertragungsraten sind verschiedene Ursachen im
Gesprich. Laut Popa et al. (2011) werden Gene mit hoherer Wahrscheinlichkeit zwischen
Spezies iibertragen, deren Gehalt an den Basen Guanosin und Cytosin (GC-Gehalt) dhnlich ist
und deren Genom allgemein eine hohere Sequenzdhnlichkeit aufweist. AuBlerdem erfordern

die meisten Ubertragungswege fiir genetisches Material eine enge rdumliche Verbindung.



3.2 Phylogenetische Analysen

3.2.1 Einfluss von Lateralen Gentransfer

Da ein groBer Teil der Gene in Prokaryoten von LGT betroffen ist, werden auch
phylogenetische Rekonstruktionen stark davon beeinflusst (Philippe & Douady 2003,
Zhaxybayeva et al. 2004). Zur Bestimmung der nidchsten prokaryotischen Verwandten der
Eukaryoten wird eine aussagekriftige Phylogenie benétigt. Viele Analysen hatten
Schwierigkeiten nur einen einzelnen prokaryotischen Vorfahren der Euakryoten zu ermitteln.
Meist wurden immer Ahnlichkeiten zu verschiedenen prokaryotischen Gruppen gefunden
(Esser et al. 2004, Dagan et al. 2012, Atteia et al. 2009). Ob diese Ahnlichkeiten auf viele
separate Félle von LGT zuriickzufiihren sind, oder ob es sich lediglich um Artefakte aufgrund
fehlerhafter Analysen handelt, ist nicht geklért.

Doolittle (1998) erkldart die Anwesenheit prokaryotischer Gene innerhalb der
Eukaryoten, welche nicht von den beiden wahrscheinlichsten Vorgiangern, Archaebakterien
und o-Proteobakterien, stammen folgendermafBen: der Eukaryotenvorgidnger hat einzelne
Prokaryoten als Nahrung aufgenommen und die innerhalb des Cytosols freigesetzten DNS-
Fragmente wurden teilweise in das Genom integriert. Dieser stetig ablaufende Prozess
ersetzte dann iiber die Zeit einen Grof3teil der Gene im Kerngenom. Aber schon damals wurde
die Frage gestellt, warum dann iiberhaupt archaebakterielle bzw. a-Proteobakterielle Gene
zuriick geblieben sind. AuBlerdem fehlten noch Hinweise, dass alle heutigen Eukaryoten ein
Mitochondrium, oder eine reduzierte Form derer, wie Mitosomen oder Hydrogenosomen
besitzen, dies wurde erst spiter bewiesen (Martin 2005, Hackstein et al. 2006). Dies spricht
dafiir, dass es wahrscheinlich nie einen Eukaryoten ohne Mitochondrium gegeben hat und
deshalb Protisten, welche sich z.T. phagotroph erndhren (Loftus et al. 2005, Gaudet et al.
2008), keine Modelle fiir einen amitochondrialen eukaryotischen Vorgédnger sind.

Die Frage, wie stark LGT in heutigen Eukaryoten ausgeprégt ist, ist gerechtfertigt, um
abzuschdtzen, wie hoch die Wahrscheinlichkeit fiir eine Integration von prokaryotischen
Genen in das Genom eines eukaryotischen Vorgingers ist. Es muss zwischen Transfer von
Prokaryoten zu Eukaryoten und Transfer zwischen Eukaryoten untereinander unterschieden
werden. Letzterer kann jedoch keine Erkldrung fiir das Vorhandensein der vielen
verschiedenen prokaryotischen Gene in den heutigen Eukaryoten liefern. Alsmark et al.
(2013) haben die Genome von 13 einzelligen Eukaryoten auf Spuren von lateralem Transfer

von prokaryotischen Genen untersucht. Je nach Organismus wurden zwischen einem (0,16%)
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(Encephalitozoon cuniculi) und 63 (0,96%) (Leishmania major) Genen der jeweiligen
Organismen als potenzielle LGTs eingestuft. All diese Funde wurden mit Hilfe von
phylogenetischen Analysen belegt. Wenn explizite Gen-Spender ausgemacht werden konnten,
stammten diese meist aus den Gruppen der Proteobacteria, Bacteroidetes und Firmicutes.
Zwei der untersuchten Organismen (Entamoeba histolytica, Dictyolstelium discoideum) sind
phagotroph, nehmen also Bakterien als Nahrung auf (Loftus et al. 2005, Gaudet et al. 2008).
Dies ist einer der wenigen Mechanismen, durch den Eukaryoten prokaryotische Gene
aufnehmen konnten (Keeling & Palmer 2008). In diesen Organismen sollte sich deswegen
eine wesentlich hohere Anzahl an lateral iibertragenen Genen finden, falls Phagotrophie ein
wesentlicher Mechanismus ist, liber den prokaryotische Gene in das Genom heutiger
Eukaryoten gelangen konnten, was in der entsprechenden Studie eindeutig nicht der Fall war.

Auch phylogenetische Analysen zu dem Ursprung der Prokaryoten sind
problematisch. Abby et al. (2012) haben diverse phylogenetische Badume fiir unterschiedliche
Prokaryotengruppen rekonstruiert und errechnet, wie stark die einzelnen Aste der Biume von
LGT betroffen sind. Die einzelnen Prokaryotengruppen waren erwartungsgemald
unterschiedlich stark betroffen. Innerhalb eines einzelnen phylogenetischen Baumes einer
prokaryotischen Gruppe variiert die Anzahl an Asten, die von LGT betroffen sind, zwischen
0,1% und 5%. Innerhalb eines Baumes, der auf 157 Genen aus verschiedenen prokaryotischen
Gruppen basiert, variieren die Raten fiir einzelne Aste zwischen 0% und 32%, wobei
besonders starker Einfluss von LGT (>24%) lediglich bei den Aktinobakterien und den
Gammaproteobakterien gefunden wurde.

Lateraler Gentransfer in Prokaryoten, als entscheidender Mechanismus in
evolutiondrer Sicht, erschwert es, die genaue Herkunft einzelner Gene, seien es
prokaryotische oder eukaryotische, zu rekonstruieren. Er fiihrt zu Topologien in
phylogenetischen Bdumen fiihrt die nicht die tatsdchlichen Verwandtschaftsverhéltnisse der
einzelnen Taxa widerspiegelt (Philippe & Douady 2003, Bapteste et al. 2004). Die Frage, ob
es tiberhaupt mdglich ist, ist noch nicht vollstindig beantwortet, denn neben LGT gibt es noch
weitere Faktoren, die phylogenetische Analysen erschweren, diese werden im nichsten

Kapitel erldutert.

3.2.2 Fehlerquellen

Die wesentlichen Fehlerquellen bei phylogenetischen Analysen sind der unabsichtliche

Vergleich von Sequenzen, welche nicht gleichen Ursprunges sind (nicht orthologe

10



3.2 Phylogenetische Analysen

Sequenzen), stochastische Fehler aufgrund von einer ungeniigenden Menge an Information in
den verwendeten Sequenzdaten und systematische Fehler (Jeffroy et al. 2006, Rodriguez-
Ezpeleta et al. 2007). Darunter fallen groftenteils Probleme die sich aus der Funktionsweise
der Rekonstruktionsmethoden ergeben (Bergsten 2005, Rodriguez-Ezpeleta et al. 2007, Cox
et al. 2008).

Mit Hilfe verschiedener Methoden soll ein versehentlicher Vergleich von nicht-
orthologen Sequenzen mit orthologen Sequenzen verhindert werden. Wird mit
prokaryotischen Sequenzen gearbeitet, kann auf Datenbanken zuriickgegriffen werden, in
denen die Gene bereits in orthologe Gruppen eingeteilt wurden. Eine davon ist die COG
Datenbank (Cluster of orthologous groups) (Tatusov et al. 1997, 2003). Die Gruppen wurden
so konstruiert, dass Gene nur als ortholog angesehen werden, wenn diese von zwei weiteren
Genen aus anderen Spezies als dhnlichste Sequenzen identifiziert wurden. Dies muss auch
umgekehrt gelten. Auf diese Weise soll verhindert werden, dass paraloge Sequenzen in eine
Gruppe aufgenommen werden. AuBlerdem wurden COGs, die aus mehreren Genen zu
bestehen schienen, getrennt.

Die Frage, wie stochastische Fehler wirksam vermieden werden, ist noch nicht
vollstindig beantwortet. Generell wird angenommen, Fehler dieser Art ausschlieen zu
konnen, wenn eine ausreichende Menge an Genen fiir die Analyse genutzt wird (Jeffroy et al.
2006). Weitere Taxa hinzuzufiigen scheint das phylogenetische Signal eher negativ zu
beeinflussen (Rokas & Caroll 2005). Die meist genutzte Methode, um die Zahl der
analysierten Gene zu erhohen, ist die Verkettung von Alignments einzelner Gene zu einen
einzigen langen Alignment (Baldauf et al. 2000, Brown et al. 2001, Cicarelli et al. 2006, Cox
et al. 2008). Da sich die phylogenetischen Bidume der einzelnen Gene allerdings stark
unterscheiden konnen, stellt sich die Frage, wie vertrauenswiirdig der abgeleitete verkettete
Baum ist. Wird ein Baum aus verketteten Alignments mit den Bdumen der einzelnen Gene
verglichen, so sind die einzelnen Kanten innerhalb des verketteten Baumes selten bis
iiberhaupt nicht in den einzelnen Bédumen zu finden (Salichos & Rokas 2013). Es muss
besonders beachtet werden, dass die verketteten Bdume meist hohe Bootstrapwerte haben.
Diese zeigen die Ubereinstimmung mit Bdumen, die aus Stichproben des eigentlichen
Alignments erstellt wurden an und sollten auf eine statistische Glaubwiirdigkeit dieser Bdume
hindeuten (Felsenstein 1985). Die genannten Ergebnisse stellen den Nutzen dieser Werte
allerdings in Frage. Mehrere Arbeiten fanden insbesondere fiir die tieferen Knoten innerhalb

von phylogenetischen Bdumen eine mangelnde statistische Unterstiitzung, sowohl bei
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3. Einleitung

Eukaryoten (Salichos & Rokas 2013) als auch bei Prokaryoten (Creevey et al. 2004, Bapteste
et al. 2008).

Systematische Fehler bei phylogenetischen Rekonstruktionen, verursacht z.B. durch
starke Unterschiede der Basen oder in der Aminosidurezusammensetzung der untersuchten
Sequenzen oder durch multiple Substitutionen an der gleichen Stelle, lassen sich nicht durch
das Verbinden von mehreren Datensétzen verhindern (Jeffroy et al. 2006). Die Vielzahl an
moglichen Fehlerquellen und die Tatsache, dass wahrscheinlich nicht alle durch einen
einzigen Ansatz ausgeschlossen werden konnen, legt nahe, auch Alternativen zur klassischen
Rekonstruktion phylogenetischer Stammbiume zu suchen (Creevey et al. 2004, Bapteste et al.

2005, Galtier & Daubin 2008).
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3.3 Alternativen zu phylogenetischen Baumen

3.3.1 Metalloproteine als evolutionire Marker

Eine zusammenfassende Theorie besagt, dass die ersten lebenden Organismen wahrscheinlich
chemolithoautotroph, thermophil und anaerob lebend waren (Wachtershduser 1998, Martin et
al. 2008, Fuchs 2011). Im Sinne dieser Hypothese haben sich erste Stoffwechselwege und
nachfolgende Organismen an der Oberfliche von im Ozean liegenden warmen Quellen
formiert. Das dort vorkommende Eisen hat dabei wahrscheinlich eine wichtige Rolle in
frithen Stoffwechselwegen gespielt (Barros & Hoffman 1985, Wéchtershduser 1998, Martin et
al. 2008, Fuchs 2011). In einer Umgebung in der es noch keine Proteine gab, konnte es bei
Redoxreaktionen eine Rolle gespielt haben und dann spéter in die entsprechenden protein-
abhingigen Prozesse eingebunden worden sein (Martin & Russell 2003). Ein Vorteil der so
entstandenen Metalloproteine ist, dass sie sehr klein und einfach zu synthetisieren sind (Hall
et al. 1971). Sie konnten bei hoheren Temperaturen, wie sie wahrscheinlich in der Umgebung
in der die ersten Organismen entstanden sind herrschten (Wéchtershiuser 1998, Martin et al.
2008), die Aufgaben von NAD/P(H) iibernommen haben (Daniel & Danson 1995), welches
bei diesen Temperaturen nicht funktionsfihig wére. Eisenhaltige Proteine stellen also eine
sehr urspriingliche Art von Proteinen dar und sind deshalb aus evolutiondrer Sicht sehr
interessant.

Eine Datenbanksuche unter allen Enzymen mit bekannter Struktur ergab, dass
ungefdhr 40% dieser Enzyme als katalytisches Zentrum ein Metallion besitzen (Andreini et al.
2008). Unter diesen wurden besonders héufig, in absteigender Zahl Magnesium, Zink, Eisen
und Mangan gefunden. Zink ist innerhalb von Prokaryoten besonders in Enzymen enthalten
(83%) und nur zu einem geringen Anteil in Proteinen, welche die Transkription regeln (8%).
Eisen-Proteine sind hédufig in Oxireduktasen enthalten und am Elektronentransfer (51%), an
anderen Enzymaktivititen (35%) und nur in geringem MaBe an Gen-Expression und
Reparatur (7%) beteiligt (Andreini et al. 2009). Major et al. (2004) haben die Verteilung von
Eisen-Schwefel-Cluster formenden Proteinen innerhalb von 120 Prokaryoten untersucht.
Diese, auch Ferredoxine genannten Proteine, enthalten Eisen-Schwefel-Cluster (Fe-S-
Cluster), welche als Elektronentransporter bei Redoxreaktionen dienen (Fuchs 2011). Neben
einer starken Korrelation von Genomgrofle und Anzahl an Fe-S-Cluster bildenden Proteinen
fanden sie heraus, dass methanogene Archaebakterien eine wesentlich hohere Anzahl an

diesen Proteinen besitzen, im Gegensatz zu den anderen prokaryotischen Gruppen. Da diese
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3. Einleitung

Fe-S-Cluster bildenden Proteine eine sehr urspriingliche Form von Proteinen darstellen,
konnte ihr Vorhandensein in einem Organismus auch auf ein sehr urspriingliches
Proteom/Genom hindeuten (Hall 1971, Liu et al. 2012). Somit wire es moglich, eine grobe
Einteilung von prokaryotischen Gruppen vorzunehmen, ohne einen phylogenetischen Baum

zu bendtigen.

3.3.2 Phylogenetische Netzwerke

Alle Netzwerke bestehen aus zwei Grundelementen, den Knoten und den Kanten. Dabei sind
Knoten durch Kanten miteinander verkniipft (Newman 2003). In der Biologie lassen sich
unzéhlige Beispiele fiir Systeme finden, die als Netzwerke dargestellt werden konnen. Wobei
biologische Entititen, wie Gene oder Organismen, meist als Knoten dienen und ihre
Beziehung zueinander iiber die Kanten reprasentiert wird. Die Interaktionen von Proteinen
untereinander lassen sich z.B. als Netzwerk darstellen und koénnen so gegebenenfalls
Aufschluss iiber unbekannte Funktionen geben (Vazquez et al. 2003). Auch auf der Genebene
lassen sich Netzwerke erstellen, um z.B. Riickschliisse zu erhalten wie und ob sie miteinander
interagieren (Brazhnik et al. 2002).

Da in phylogenetischen Bidumen, welche auch eine Art von simplen Netzwerk
darstellen, ein Blatt nur zu ecinem direkten Vorfahren zuriickzufithren ist, sind
phylogenetische Baume fiir die Darstellung nicht-baumartiger evolutionirer Prozesse, wie
Endosymbiose oder lateralem Gentransfer, nicht geeignet. Auch ist es nicht mdglich,
widerspriichliche phylogenetische Signale in einem bifurzierenden Baum darzustellen.
Netzwerke die nicht zwingend bifurzierend aufgebaut sind, bieten die Mdglichkeit, einen
Knoten, welcher ein einzelnes Taxon oder Gen reprédsentiert, mit mehreren anderen Knoten in
Verbindung zu setzen. Daher konnen sie sowohl nicht-baumartigen Prozesse darstellen als
auch widerspriichliche Signale aus mehreren unterschiedlichen Baumen in einer Abbildung
vereinen. Es gibt mehrere Methoden solche Netzwerke zu konstruieren. Entweder werden
einem phylogenetischen Baum zusitzliche Aste hinzugefiigt (Makarenkov & Legendre 2004,
Bryant & Moulton 2003) oder es wird auf eine baumartige Struktur verzichtet und nur die
tatsichlich vorhandenen Ahnlichkeiten dargestellt (similarity Netzwerke) (Popa et al. 2011,
Dagan et al. 2008). Letztere werden benutzt, um LGT-Ereignisse darzustellen bzw. zu
rekonstruieren. Sie ersetzen keine phylogenetischen Analysen. Wird auf einen baumartigen
Unterbau verzichtet, verschwindet auch die Information iiber diesen Teil der evolutiondren

Vorgeschichte.
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3.3 Alternativen zu phylogenetischen Analysen

Ob phylogenetische Netzwerke einen Ersatz fiir phylogenetische Bdume darstellen
konnen, hidngt meist von der zugrundeliegenden Fragestellung ab. Meist werden
Widerspriiche in den Daten aufgezeigt und keine eindeutigen phylogenetischen
Zusammenhdnge beschrieben (Bryant & Moulton 2003). Eine Analyse von Netzwerken,
welche mit einer Vielzahl von Taxa erstellt wurden, zeigte, dass diese Ergebnisse oft schwer
zu interpretieren sind, besonders wenn sich die Baume stark unterscheiden und/oder viele
Taxa enthalten (Layeghifard et al. 2013). Da aber Netzwerke in vielen verschiedenen
naturwissenschaftlichen Disziplinen angewendet werden, gibt es eine entsprechend grof3e
Menge an Ressourcen, die genutzt werden konnen um Netzwerke und ihren Aufbau zu
analysieren (Strogatz 2001, Fortunato 2010). Darunter fallen Analysen die eigentliche
Struktur und Eigenschaften eines Netzwerkes analysieren und es ermoglichen diese mit
anderen Netzwerken zu vergleichen (Strogatz 2001). Ein weiteres groBBes Teilgebiet ist die
Analyse von communities (engl. Gemeinschaften) in Netzwerken. Dabei handelt es sich um
Gruppen von Knoten in einem Netzwerk die mehr Verbindungen untereinander haben, als zu

dem restlichen Netzwerk (Fortunato 2010).
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4 Zielsetzung

Viele Analysen zum Ursprung der Eukaryoten wurden mit Hilfe von kleinen Datensétzen
insbesondere mit einer geringen Anzahl an eukaryotischen Genomen durchgefiihrt (Esser et
al. 2004, Woese 1990). In vorherigen Studien wurden teilweise auch lediglich
Sequenzvergleiche benutzt und keine phylogenetischen Analysen durchgefiihrt (Esser et al.
2004). Deshalb war es das Ziel dieser Arbeit, eine mdglichst groBe Zahl an Genen und
Organismen mit in die Analysen einzubeziehen. Es sollte aulerdem dem chimédren Charakter
der Eukaryoten Rechnung getragen und ein Netzwerk erstellt werden, welches die
Verbindungen der Eukaryoten zu den einzelnen prokaryotischen Gruppen darstellt, die
hochstwahrscheinlich zu deren Entstehung beigetragen haben (Esser et al. 2004, Rivera &
Lake 2004).

Ein Grofiteil der Analysen, die den Ursprung der Eukaryoten oder Prokaryoten
betrachten, benutzen Bédume, welche aus verketteten Alignments erstellt wurden (Baldauf et
al. 2000, Ciccarelli et al. 2006, Cox et al. 2008). Ein Ziel dieser Dissertation war es
herauszufinden, wie vertrauenswiirdig diese Bdume sind, um spezifische Aussagen iiber ihre
Topologien treffen zu konnen. Die zugrunde liegenden Mechanismen, welche Einfluss auf die
entstehenden Topologien haben, wurden untersucht. Die Ergebnisse widersprechen sich
jedoch (Rokas et al. 2003, Galtier 2007). Es wurden phylogenetische Baume von Eu- und
Prokaryoten, sowie mehrere Parameter, welche Einfluss auf mogliche Inkongruenzen nehmen
konnten, wie Sequenzlange, Alignmentldnge oder Sequenzidentitit, verglichen.

Als Alternative zu phylogenetischen Methoden, besonders wenn sehr lang
zuriickliegende Ereignisse beschrieben werden sollen, wurde unter anderem das
Vorhandensein von Eisen-Schwefel-Cluster bildenden Proteinen in Prokaryoten analysiert.
Dies geschah unter der Pramisse, dass diese Eigenschaft besonders in alten prokaryotischen
Gruppen iibermiBig ausgeprigt ist (Hall 1971, Liu et al. 2012). Altere Studien hierzu hatten
nur einen beschrinken Ausschnitt aller prokaryotischen Gruppen untersucht (Major et al.

2004). Vor diesen Hintergrund sind die hier vorgestellten Untersuchungen erfolgt.
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5.1 An evolutionary network of genes present in the eukaryote common

ancestor polls genomes on eukaryotic and mitochondrial origin
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Beitrag von Thorsten Thiergart:

Ich habe samtliche Daten, die fiir Analysen benétigt wurden, erstellt (Einteilung der Proteine
in funktionelle Gruppen, Zusammenstellung der homologen Gruppen, Erstellung der
phylogenetischen Baume). Mit diesen Daten habe ich die Analysen zur Einteilung der
phylogenetischen Bédume (Abbildung 1) und die Bestimmung der prokaryotischen
Schwestergruppen durchgefiihrt (Abbildung 2, 5 & 7). Diese Ergebnisse wurden von mir
ndher untersucht, um die jeweiligen funktionellen Gruppen mit einzubeziehen (Abbildung 4)
und die Ergebnisse anhand eines phylogenetischen Netzwerkes zu verdeutlichen (Abbildung
8). Die kompletten Kapitel, welche die verwendeten Methoden erldutern und der Teil,
welcher die Ergebnisse beschreibt wurden von mir und Prof. Dr. Tal Dagan verfasst.

Zusitzlich bin ich Koautor der restlichen Kapitel.
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Abstract

To test the predictions of competing and mutually exclusive hypotheses for the origin of eukaryotes, we identified from
a sample of 27 sequenced eukaryotic and 994 sequenced prokaryotic genomes 571 genes that were present in the
eukaryote common ancestor and that have homologues among eubacterial and archaebacterial genomes. Maximum-
likelihood trees identified the prokaryotic genomes that most frequently contained genes branching as the sister to the
eukaryotic nuclear homologues. Among the archaebacteria, euryarchaeote genomes most frequently harbored the sister to
the eukaryotic nuclear gene, whereas among eubacteria, the a-proteobacteria were most frequently represented within the
sister group. Only 3 genes out of 571 gave a 3-domain tree. Homologues from a-proteobacterial genomes that branched as
the sister to nuclear genes were found more frequently in genomes of facultatively anaerobic members of the rhiozobiales
and rhodospirilliales than in obligate intracellular ricketttsial parasites. Following o-proteobacteria, the most frequent
eubacterial sister lineages were y-proteobacteria, 8-proteobacteria, and firmicutes, which were also the prokaryote genomes
least frequently found as monophyletic groups in our trees. Although all 22 higher prokaryotic taxa sampled (crenarchaeotes,
y-proteobacteria, spirochaetes, chlamydias, etc.) harbor genes that branch as the sister to homologues present in the
eukaryotic common ancestor, that is not evidence of 22 different prokaryotic cells participating at eukaryote origins because
prokaryotic “lineages” have laterally acquired genes for more than 1.5 billion years since eukaryote origins. The data
underscore the archaebacterial (host) nature of the eukaryotic informational genes and the eubacterial (mitochondrial)
nature of eukaryotic energy metabolism. The network linking genes of the eukaryote ancestor to contemporary homologues
distributed across prokaryotic genomes elucidates eukaryote gene origins in a dialect cognizant of gene transfer in nature.

Key words: endosymbiosis, eukaryotes, phylogenomics, lateral gene transfer, horizontal gene transfer, endosymbiotic gene
transfer.

a symbiotic association of divergent prokaryotic cells, with
symbiosis (and gene transfer from endosymbiont to host in
some formulations) forging the prokaryote-to-eukaryote
transition, with phases of evolutionary innovation marked
by distinctly non-gradualist characteristics. Both the autoge-
nous and the symbiogenic categories harbor a number of
specific competing alternative hypotheses, respectively, each
of which in turn generates testable predictions about the
phylogenetic affinities of eukaryotic genes to prokaryotic

Introduction

Although the evolutionary details of the prokaryote-
to-eukaryote transition are still incompletely resolved
(Brown and Doolittle 1997; Koonin 2012), the crucial role
that mitochondria played in that transition is becoming in-
creasingly evident (Lane and Martin 2010; Lane 2011). Pres-
ently, two main categories of competing hypotheses address
the prokaryote-to-eukaryote transition: autogenous and
symbiogenic (Maynard-Smith and Szathmary 1995; Embley

and Martin 2006; Pisani et al. 2007; Lane 2009). Autogenous
models posit that eukaryotes arose from a single ancestral
lineage via mutation in a gradualist type of evolutionary pro-
cess. Symbiogenic models posit that eukaryotes arose via

homologues.

Among the autogenous models, three are currently dis-
cussed. The neomuran hypothesis (Cavalier-Smith 1975) ar-
gued in its original formulation that eukaryotes arose from

© The Author(s) 2012. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/
3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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cyanobacteria through conventional mutation and selection
processes. In more modern formulations, the neomuran hy-
pothesis posits that eukaryotes arose from actinobacteria
(Cavalier-Smith 2002); hence, it predicts that eukaryotic
genes should uncover detectable affinities to homologues en-
countered in contemporary actinobacterial genomes. A sec-
ond and more recent—but far less explicit—autogenous
model has it that eukaryotes are descended from planctomy-
cetes or the planctomycete-verrumicrobia—chlamydia (PVC)
group (Devos and Reynaud 20710). It predicts eukaryotic
genes to uncover widespread sequence similarities to planc-
tomycete homologues, a prediction that is so far unfulfilled
(Mclnerney et al. 2011). A third autogenous theory has it that
eukaryotes represent the ancestral state of cell organization
and that prokaryotes are derived from eukaryotes via a pro-
cess that was originally called streamlining (Doolittle 1978)
and later called thermoreduction (Forterre 1995). It predicts
a three-domain topology for genes shared by eukaryotes and
prokaryotes (Forterre and Gribaldo 2010). Common to au-
togenous theories is the assumption that mitochondria
had norole in the prokaryote-to-eukaryote transition, a prem-
ise that has become increasingly problematic with data
accrued over the last 10 years indicating 1) that mitochondria
were present in the eukaryote common ancestor (Embley
et al. 2003; van der Giezen 2009) and 2) that, for reasons
of bioenergetics, mitochondria were strictly required for
the origin of the molecular traits that make eukaryotic cells
complex in comparison to their prokaryotic counterparts
(Lane and Martin 2010).

Symbiogenic hypotheses can be generally divided into
two subcategories. The first subcategory invokes an endo-
symbiosis to derive a mitochondrion-lacking cell that pos-
sess a nucleus, whereby the nuclear compartment is
usually viewed as deriving from an endosymbiotic prokary-
ote. Among current formulations that derive the nucleus
from endosymbiosis, the assumed symbiotic partners in-
clude 1) a Thermoplasma-like host and a spirochaete en-
dosymbiont (Margulis et al. 2006), 2) a Gram-negative
host and a crenarchaeal endosymbiont (Lake and Rivera
1994; Gupta and Golding 1996), 3) a d-proteobacterial
host and a methanogen-like endosymbiont (Moreira and
Lopez-Garcia 1998), 4) a y-proteobacterial host and
a Pyrococcus-like endosymbiont (Horiike et al. 2004),
and 5) a planctomycete host and a Crenarchaeum-like nu-
cleogenic endosymbiont (Forterre 2011). Like autogenous
theories, these models assume that mitochondria had no
role in the prokaryote-to-eukaryote transition sensu strictu
because a nucleus-forming endosymbiosis is presumed to
have generated the eukaryotic lineage, one member of
which then acquires the mitochondrion and the other mem-
bers of which implicitly become extinct because all eukary-
otic lineages possess a mitochondrion or did in their
evolutionary past (van der Giezen 2009). As discussed else-
where, there are many serious fundamental problems with

the view that the nucleus was ever a free-living prokaryote
(Martin 1999a, 2005; Cavalier-Smith 2002).

The second major subcategory among symbiogenic the-
ories invokes endosymbiosis to derive the mitochondrion
directly in a prokaryotic host, without any earlier additional
symbiotic cell mergers. Because eukaryotes have an arc-
haebacterial genetic apparatus (Langer et al. 1995; Rivera
et al. 1998; Cox et al. 2008; Koonin 2009; Cotton and
Mclnerney 2010) and because mitochondria are clearly de-
rived from an endosymbiotic proteobacterium (Gray et al.
1999; Atteia et al. 2009), these theories posit that the host
for the origin of mitochondria was a “garden variety” ar-
chaebacterium, either related to Thermoplasma (Searcy
1992) or to hydrogen-dependent archaebacteria, with
a physiology perhaps similar to methanogens (Martin and
Muller 1998; Vellai et al. 1998). In these models, the nucleus
arises after the origin of mitochondria and in an autogenous
manner that does not require additional endosymbioses
(Martin and Koonin 2006).

All of the foregoing theories generate predictions with
regard to the branching patterns expected in trees compris-
ing both prokaryotic and eukaryotic genes. Comparatively,
few tests of those predictions using alignments for many
genes from complete genome data have been reported. Us-
ing pairwise sequence similarity matrices, Esser et al. (2004)
found that among the 850 yeast genes having homologues
among the small prokaryotic sample of 15 archaebacterial
and 45 eubacterial genomes, roughly 75% of yeast nuclear-
encoded proteins were more similar to eubacterial homo-
logues than to archaebacterial homologues. Using a super-
tree approach, Pisani et al. (2007) found that when the
signal stemming from nuclear genes of cyanobacterial origin
in plants is removed from the eukaryote data set, eukaryotes
branch among a-proteobacteria, likely reflecting the signal
of nuclear genes of mitochondrial origin, and when that sig-
nal is removed, eukaryotes then branched with the Thermo-
plasma lineage among euryarchaeotes. Cox et al. (2008)
examined the concatenated phylogeny of genes corre-
sponding to the informational class (information storage
and processing) and found evidence linking the eukaryote
host lineage to crenarchaeotes, in line with the prediction
of the eocyte theory (Lake 1988). Yutin et al. (2008) exam-
ined individual phylogenies and obtained conflicting results
with respect to the euryarchaeal, crenarchaeal, or ancestral
archaebacterial origin of eukaryotic informational genes.
Kelly et al. (2011) examined genes that link eukaryotes to
archaebacteria and found evidence linking the eukaryotes
to the Crenarchaeum/Nitrosopumilus (thaumarchaeal) line-
age of archaebacteria.

Autogenous models and symbiogenic models also differ
with respect to the predictions that they make about the
ancestor of mitochondria and (in some cases) about the
nature of eubacterially related genes in eukaryotic genomes.
Several recent studies have addressed the origin of
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mitochondria, but have focused on sequences residing in
mitochondrial DNA (mtDNA) (Thrash et al. 2011; Brindefalk
etal. 2011; Georgiades and Raoult 2011). Those studies de-
livered widely conflicting results because of the small sample
of mitochondrion-encoded protein available—about 55 at
most that can be used to generate trees (Esser et al.
2004)—and the phylogenetic biases introduced by the rapid
evolutionary rate and AT richness of mtDNA, which can
cause mtDNA-encoded proteins to artefactually group to-
gether with homologues from rapidly evolving and AT-rich
bacterial lineages, like Rickettsiales (Thrash et al. 2011).
Nuclear-encoded proteins should, in principle, be less sub-
ject to AT bias and the elevated substitution rate of mito-
chondrially encoded proteins. They provide a larger gene
sample for investigation of mitochondrial origin or of organ-
elle origins in general (Deusch et al. 2008) but that does not
mean that they are fundamentally immune to bias or phy-
logenetic error.

Investigations of mitochondrial origin using many nuclear
genes are still scarce. Trees for pyruvate dehydrogenase sub-
units pointed to Rickettsia-like ancestors (Kurland and
Andersson 2000). Trees for Krebs cycle and glyoxylate cycle
enzymes (Schnarrenberger and Martin 2002) as well as trees
for >200 nuclear-encoded mitochondrial proteins from
Chlamydomonas point more frequently to origins from gen-
eralist, facultatively anaerobic a-proteobacteria (Atteia et al.
2009), than to Rickettsia-like ancestors, whereby many
proteins indicated a eubacterial, but not a specifically
a-proteobacterial ancestry. Recent analysis of 86 yeast
nuclear-encoded mitochondrial proteins produced a similar
result: some point to Rickettsia-like ancestors and some
point to facultatively anaerobic Rhodobacter-like ancestors
(Abhishek et al. 2011). Although many mitochondria func-
tion anaerobically (Tielens et al. 2002; Atteia et al. 2006;
Mus et al. 2007), nuclear genes for anaerobic mitochondrial
energy metabolism cannot implicate Rickettsia-like an-
cestors because Rickettsias are strict aerobes that harbor
no genes of anaerobic energy metabolism for comparison.
Using an automated pipeline for phylogenetic trees,
Gabaldon and Huynen (2003) identified 630 nuclear-en-
coded protein families that trace to the ancestor of mito-
chondria, although the a-proteobacteria themselves often
failed to form a monophyletic group in that study, pointing
to the role of LGT in prokaryote evolution.

Comparative genomics should permit a test of different
models for eukaryote origins. Genes suited to such tests are
those that are preserved in eukaryotic nuclear genomes that
1) have homologues in prokaryotes and 2) reflect eukaryote
monophyly as evidence of their presence in the last eukary-
ote common ancestor (LECA). Here we have assembled
alignments for 712 gene families from 27 eukaryotes,
926 eubacteria, and 68 archaebacteria in order to address
the question: given the present (limited) genome sample,
how many eukaryotic genes with prokaryotic homologues

actually reflect a single origin? Those that trace to the eu-
karyote common ancestor allow us to furthermore ask: in
which prokaryotic lineages are those genes currently found?
We then contrast the results with the predictions generated
by competing theories for eukaryote origins, but do so in
a modern context taking into account the circumstance that
free-living prokaryotes have been undergoing LGT during
the time since eukaryotes arose, such that the collection
of genes that eukaryotes acquired from the ancestor of mi-
tochondria reflects a sample of ancient prokaryote gene di-
versity, not a collection of genes that we would expect to
find in any contemporary free-living prokaryote (Martin
1999b; Esser et al. 2007; Richards and Archibald 2011).
In that sense, the concept of prokaryotic lineages is poorly
defined when it comes to the phylogeny of individual genes
(Doolittle and Bapteste 2007; Bapteste et al. 2009), a circum-
stance that figures prominently in the interpretation of the
results.

Methods
Data

Proteomes of 27 eukaryotes and 994 prokaryotes were re-
trieved from the public databases. The following proteomes
were downloaded from RefSeq database (Pruit et al. 2005):
Hydra magnipapillata, Ciona intestinales, Caenorhabditis el-
egans, Physcomitrella patens, all 994 prokaryotes (11/2009
version), Oryza sativa, and all fungi and animal sequences
(02/2008 version). Additional proteomes were retrieved
from the JGI database (http://www.jgi.doe.gov/): Populus
trichocarpa (v1.1), Ostreococcus tauri and Chlamydomonas
reinhardtii (v3.1). The Arabidopsis thaliana proteome was
downloaded from TAIR project (Swarbreck et al. 2008).
The Cyanidoschyzon merolae proteome was downloaded
from the genome project Web site (Matsuzaki et al.
2004). The complete list of genomes used is given in
supplementary Table S1, Supplementary Material online.

Clusters of Homologous Proteins

For the reconstruction of eukaryotic protein families, a recip-
rocal best Blast (v2.2.20; Altschul et al. 1997) hit procedure
was used (Tatusov et al. 1997). Only BBH having an e-value
<1 x 107'° were retained. Pairs of reciprocal BBHs were
aligned using the Needleman-Wunsch algorithm by the
needle program included in the EMBOSS package (Rice
et al. 2000). Homologous pairs having <40% identical
amino acids were excluded from the data set. All remaining
eukaryotic homologues were clustered into protein families
with MCL (v1.008 Enright et al. 2002) using the default pa-
rameters. This analysis yielded 37,101 protein families com-
prising 165,329 proteins. Excluding protein families
comprising less than 4 members in total (18,116) or less
than 3 main eukaryotic groups (animals, fungi, algae, plants)
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resulted in 1,122 protein families retained for further anal-
ysis. To find prokaryotic homologues to all clustered eukary-
otic proteins, these proteins were BLASTed against 994
prokaryotic proteomes. A total of 367 clusters had no ho-
mologues within the prokaryotic genomes. Prokaryotic ho-
mologues were added to the clusters using a reciprocal BBH
procedure applying an e-value threshold of <1 x 10~ '? and
>30% identical amino acids. All prokaryotic hits per eukary-
otic query protein were added to the respective protein fam-
ily, and redundant prokaryotic proteins were omitted. In
case of multiple prokaryotic homologues in different strains
of the same species, only one homologue having the highest
sequence similarity was included in the protein family. The
analysis resulted in 755 protein families of eukaryotic
sequences and their prokaryotic homologues.

The functional classification of all protein families is based
on the KOG database (Tatusov et al. 2003). A total of 626
protein families that overlapped with KOG clusters were an-
notated to have the same function as the matching KOG. The
remaining protein families were manually classified by se-
guence similarity to known KOGs using the KOGnitor tool
(http://www.ncbi.nlm.nih.gov/COG/grace/kognitor.html). A
total of seven protein families had no homologues in the
KOG database and were annotated as unknown function.

Phylogenetic Analysis

The protein families were aligned with MAFFT (v6.832b;
Katoh et al. 2002) using Blosum62 substitution matrix
(Henikoff and Henikoff 1992). Alignment quality was tested
using the HoT procedure (Landan and Graur 2007) and 20
alignments having SPS <70% were excluded from the data
set. Phylogenetic trees were calculated from the alignments
using maximum-likelihood approach with RAXML (v7.0.4;
Stamatakis 2006). Substitution rate per site was estimated
from a gamma distribution with four discrete rate categories
and the WAG substitution matrix (Whelan and Goldman
2001). The proportion of invariable sites was estimated from
the data. Eukaryotic monophyly within the reconstructed
trees was tested using an in-house PERL script. A group is
considered as monophyletic if there exists a bipartition
(branch) in the tree that includes only species from that
group. Thus in trees testifying eukaryotic monophyly, there
exists a branch that splits between eukaryotes and prokar-
yotes.

Single eukaryotic sequences branching within the pro-
karyotic clade were manually tested for possible bacterial
contaminations using BLAST at NCBI Web site (http:/
blast.ncbi.nlm.nih.gov/Blast.cgi) against the nr database.
We manually excluded sequences that were obvious bacte-
rial contaminations where possible. For example, 39 genes
annotated as belonging to the Hydra genome actually be-
long to the genome of the eubacterial endosymbiont of Hy-
dra, Curvibacter spec. (Chapman et al. 2010). Another eight

genes in the Populus genome are >90% identical at the
amino acid level to prokaryotic proteins and were classified
as a putative bacterial contamination, as were two sequen-
ces from the Bos taurus genome. In several cases, the
bacterial contamination “Hydra” sequence was the only
representative from the metazoa, such that in total 24 align-
ments were excluded from the analysis, leaving 712 align-
ments for analysis, which are available upon request.

To specify the sister group to the eukaryotes, there are
several possibilities. In each tree, the branch connecting
the monophyletic eukaryotic clade to the prokaryotes serves
to splits the prokaryote clade into two groups, one of which
is selected as the sister group. We tested several criteria to
decide which is the sister group: the group with the smaller
number of sequences, the group with the smaller average
distance to the eukaryotes, and the group that does not in-
clude the root after midpoint rooting. The sister group fre-
guencies inferred are robust to the three different criteria
(supplementary fig. S1, Supplementary Material online).
For simplicity, we used the criterion of the smaller clade
to specify the sister group, use of other criteria would
not alter the results.

We did not initiate exhaustive topology searches or likeli-
hood optimization efforts searches beyond those performed
by RAXML in order to find more or fewer cases of eukaryote
monophyly in the data. For those genes that did reflect eu-
karyote monophyly, we were interested in the identity and
nature of the genomes harboring the nearest prokaryotic
neighbors.

Network and Reference Tree Reconstruction

The prokaryotic clade of the universal reference tree was re-
trieved from Popa et al. (201 1) that reconstructed it from the
ribosomal RNA operon sequences within a taxonomic
framework. The tree was reconstructed for prokaryotic main
taxa by using the consensus sequences of the ribosomal
RNA genes for each bacterial group. The groups correspond
to the phyla of the bacterial species or the class in the case of
Proteobacteria and Firmicutes. Three archaebacterial groups
including the Nanoarchaeota, Thaumarchaeota, and Kor-
archaeota that were missing in the Popa et al. (2011) tree
were included according to their phylogenetic position in
Makarova et al. (2010). The eukaryotic clade is a consensus
tree reconstructed from 12 gene trees that include all
eukaryotic species in our analysis (excluding the highly re-
duced genome of Encephalitozoon cuniculi). The network
in figure 8 combines 571 sister group specifications as lateral
edges connecting vertical edges of the reference tree. The
edge weight is the frequency in which species in the given
prokaryotic taxon branched within the sister group to the
eukaryotic clade. The universal tree with lateral edges signi-
fying prokaryotic contributions was depicted with
a MatLab® script.
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Results

Eukaryotic Genes Reflect Single Origins

Clustering the eukaryotic and prokaryotic proteins by se-
quence similarity yielded 712 inter-kingdom families of ho-
mologous proteins. All protein families include at least
three of the main eukaryotic groups: animals, fungi, algae,
and plants. Phylogenetic trees were reconstructed from the
protein families by a maximum-likelihood approach and
rooted on the branch that maximizes the ratio between
eukaryotes and prokaryotes in the resulting clades. The
resulting rooted trees were classified into four categories
according to the branching pattern of the eukaryotic species
within the tree (fig. 1).

Most of the tree topologies (571/712, 80.2%) recovered
the eukaryotic genes as a monophyletic clade. The remain-
ing trees fell into three different categories in similar shares.
In polyphyletic trees (46, 6.5%), there exists a branch that
splits the tree into a eukaryotes-only clade and a prokaryotic
clade that includes a few eukaryotes (fig. 1b). The frequency
of eukaryotes in the prokaryotic clade ranged between 1
and 6 species. In 12 of those polyphyletic trees, the eukar-
yotes branching within the prokaryotic clade were photo-
synthetic eukaryotes branching as the nearest neighbors
of cyanobacteria, the expected result for genes that were
transferred from the ancestor of plastids into the nuclear ge-
nome of photosynthetic eukaryotes (Timmis et al. 2004).
Genes in this group include the ClpB heat shock protein
Kda100 (C. reinhardtii, C. merolae, and O. tauri) and phos-
phoglycerate kinase (Brinkmann and Martin 1996) from C.
reinhardtii, C. merolae, and A. thaliana (supplementary
Table 2, Supplementary Material online). Most (34) of the
remaining trees in this category included a single eukaryote
within the prokaryotic clade, with many proteins being an-
notated as “predicted protein” or “hypothetical protein.”
Genes of the red algae C. merolae branched frequently
within the prokaryotic clade with 18 tree topologies placing
this species within the prokaryotic clade next to a noncyano-
bacterial nearest neighbor (supplementary Table 2, Supple-
mentary Material online).

Paraphyletic trees are the mirror image of polyphyletic
trees, as they include a branch that splits the tree into a pro-
karyotes-only clade and a eukaryotic clade that includes sev-
eral prokaryotes (fig. 1¢). The number of prokaryotes in the
latter clade ranged between 1 and 22 (see distribution in
supplementary fig. S2, Supplementary Material online). In
29 of the 46 paraphyletic trees, prokaryotes branching
within the eukaryotic clade included one or more eukary-
ote-associated microbes (e.g., human pathogens and plant
endosymbionts). These could be prokaryote acquisitions of
eukaryotic homologues, as has been previously observed,
for example for tubulin (Pilhofer et al. 2007). In six trees,
all of the prokaryotes that branched within the eukaryotic
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Fic. 1.—A distribution of topologies among 712 inter-kingdom
trees. The schematic trees on the right symbolize the branching patterns
of eukaryotic and prokaryotic species observed in each category.
(a) Eukaryotes and prokaryotes form monophyletic clades. (b) Eukar-
yotes are polyphyletic (<6 eukaryotic species branch within the
prokaryotic clade) and prokaryotes are paraphyletic. (c) Eukaryotes are
paraphyletic (between 1 and 22 prokaryotic species branch within the
eukaryotic clade) and prokaryotes are polyphyletic. (d) A mixed topology
of eukaryotes and prokaryotes. The boxplots in the lower panel show
the distribution of the number OTUs in trees where the eukaryotes are
1) monophyletic or 2) not monophyletic.

clade were cyanobacterial species next to plants or algae.
The mixed prokaryotic—eukaryotic branching pattern of
the remaining 49 (6.9%) trees did not enable a clear cut
rooting and classification of the trees into one of the above
categories (fig. 1d). In trees with eukaryote monophyly, op-
erational genes and informational genes are present in a
ratio of 362:209, in the trees where eukaryotes are nonmo-
nophyletic, operational genes are significantly enriched
(129:12, P < 0.0001).

LECA Genes with Prokaryotic Homologues

For 571 protein families, ML trees indicate eukaryote mono-
phyly. Because we only considered trees that spanned the
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opisthokont/archaeplastida divide, and because of current
views for the placement of the eukaryotic root (Hampl
et al. 2009), eukaryote monophyly indicates their presence
in LECA. The distribution across prokaryotic genomes of
genes that appear as sisters to the eukaryotic nuclear copy
is of interest because their phylogenetic affinities can, in prin-
ciple, help to discriminate between competing theories for
eukaryote origins. An overview of the results is shown in
figure 2. For simplicity, the topologies can be divided into
three general categories with respect to the taxonomic dis-
tribution of eukaryote sister genes among prokaryotes.
Group 1: The sister genes occur only among genomes of
one of the higher prokaryotic taxa shown in figure 2, for
example, euryarchaeotes, thaumarchaeotes, a-proteobacteria,
firmicutes, or the like. Among the 571 LECA gene families,
375 yield this result. Group 2: The sister genes are not re-
stricted to a particular class or phylum but occur only among
members of the archaebacteria or eubacteria, 165 align-
ments and trees yield this result. Group 3: The sister group
to the eukaryotic nuclear gene includes genes that occur
among members of both the archaebacteria and the eubac-
teria, 31 alignments and trees deliver this result.

The trees in Group 3 contain the least information and are
also the easiest to interpret. Monophyletic eukaryotes
nested within and as the sister to clades in which the arch-
aebacteria and the eubacteria are interleaved indicate that
the eukaryotic gene reflects a single origin, but that during
the time subsequent to the origin of eukaryotes, the pro-
karyotic gene has undergone so much sequence divergence
and/or LGT among prokaryotic groups that it is not possible
to generate a strong inference about the source of that gene
in LECA through the vantage point of phylogenetic trees.
Many phylogenetic artefacts affecting the prokaryote topol-
ogy might also rest in this category, distinguishing between
LGTand phylogeny or alignment artefacts is not straightfor-
ward (Roettger et al. 2009). These 31 trees thus are equiv-
ocal about gene origins in LECA.

The 165 trees in Group 2 show the eukaryote nuclear
genes branching as the sister to groups containing homo-
logues present in several different archaebacterial or several
different eubacterial higher taxa. These genes tend to reflect
archaebacterial or eubacterial ancestries for the eukaryotic
gene, respectively, without implicating a specific higher-level
taxon as the donor lineage. Among these genes, 44 reflect
an archaebacterial ancestry, whereas 121 reflect a eubacte-
rial ancestry. Of the 44 archaebacterial-derived genes in the
LECA, 28 belong to the informational class (involved in in-
formation storage and processing), whereas 103 out of the
121 eubacterial-derived LECA genes belong to the opera-
tional class (involved in biochemical and biosynthetic pro-
cesses). Thus, the informational and operational classes of
eukaryotic genes well-established in analyses of the yeast
genome (Rivera et al. 1998; Cotton and Mclnerney 2010)
as well as the preponderance of eubacterial-derived over

archaebacterial-derived genes in eukaryotic genomes (Esser
et al. 2004; Pisani et al. 2007) are also evident for these 165
genes present in LECA. However, for these 165 trees, the
sister group relationship to the eukaryotic gene appears
more or less as a bucket of mixed pickles, but archaebacte-
rial or eubacterial pickles. Although the proteobacteria
are clearly the most frequently represented among the 121
trees indicating a eubacterial ancestry of the eukaryote nu-
clear genes, all eubacterial groups are ultimately represented.

The 375 trees that we classified as Group 1 show one of
the higher prokaryotic taxa sampled as harboring the sister
gene of the eukaryote common ancestor homologue.
That is, the sister of the eukaryotic nuclear gene contained
only members of one of the 21 higher prokaryotic taxa
(22 including the category “other”) shown in figure 2.
The most frequent taxon uniquely harboring sister genes
to genes present in the eukaryote common ancestor were
the euryarchaeotes (77 genes), followed by the crenarch-
aeotes (44 genes), the a-proteobacteria (37 genes), the
d-proteobacteria (25 genes), the thaumarchaea (24 genes),
the vy-proteobacteria (20 genes), the cyanobacteria
(19 genes), the spirochaetes (17 genes), the korarchaeote
(16 genes), the actinobacteria (15 genes), the PVC
group (15 genes), the bacteriodetes (12 genes), etc. In fact,
all of the higher taxa sampled harbor a gene with a sister
group relationship to the eukaryotic nuclear homologue.
Some might conclude from this that all prokaryote lineages
sampled donated genes to LECA but that is a much too
simplistic inference that entails unrealistic assumptions
about the nature of prokaryotic lineages and the
affects of LGT over geological timescales as outlined in
the Discussion.

Functional Categories

There are only 68 archaebacteria in our genome sample, and
itis evident in figure 2 that among those alignments and trees
where eukaryotic genes branch with archaebacteria as sisters,
the eubacteria are underrepresented. We plotted the fre-
guency distribution of the number of Operational Taxonomic
Units (OTUs) in the protein family and for the same distribu-
tion the proportion of archaebacterial sequences in each
alignment, or tree, as shown in figure 3. Among trees having
68 prokaryotic taxa or fewer, there are 47 that contain only
archaebacterial homologues and 61 in which over 90% of
the OTUs are archaebacterial. With increasing numbers of
prokaryotes in the trees, the proportion of archaebacteria de-
clines quickly, and there is clearly a bimodal distribution with
regard to the presence and frequency of archaebacterial se-
guences in the protein families containing fewer than, or
more than, 68 prokaryotic sequences (fig. 3). Because this bi-
modality is not independent of the informational-operational
gene dichotomy, we plotted functional category assignments
against sister group relationship for the 571 genes showing
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eukaryote monophyly in two bins, that is, trees containing
fewer than 68 prokaryotic sequences (fig. 4a) or more than
68 prokaryotic sequences (fig. 4b).

In figure 4a, the archaebacterial nature of the eukaryotic
genetic apparatus, ribosome biogenesis in particular, stands
out. Figure 4b summarizes the eukaryote sisterhood fre-
guencies for the trees with stronger eubacterial representa-
tion. In addition to the archaebacterial informational signal,
the most notable feature of figure 4b is the frequency with
which proteobacteria branch as sister to the eukaryotes in
operational genes, in particular energy metabolism. We
note that the frequencies in figure 4 have not been normal-
ized with respect to the number of species or genes per cat-
egory. For example, the high frequency of euryarchaeotal
sisterhood observed is not completely independent of the
heavier taxon sampling for euryarchaeotes, which are twice
as frequent in the data (43 genomes) as crenarchaeotes (22
genomes). In the same vein, the appreciable frequency of
y-proteobacterial sisterhood in energy metabolism category
or firmicute sisterhood in the category posttranslational
modification and chaperones (fig. 4) is not independent
of the large number of genomes sampled for these groups
in our data, which is, for obvious reasons, strongly skewed
toward pathogens: the 236 y-proteobacterial and 184 firmi-
cute genomes in our data (fig. 2, top). However, normaliza-
tion is not as easy as it might seem because many of the
elements on both matrices (fig. 4a and b) are empty and
because the genomes within the higher taxa indicted are
extremely diverse with respect to genome size and frequen-
cies of various functional categories. We plotted sisterhood
occurrence for how often a gene from the taxon was found
in the sister clade normalized by the frequency of genes in

Fic. 2—A presence-absence pattern (PAP) of the bacterial
taxonomic groups in trees supporting the eukaryotic monophyly. The
rows correspond to 571 trees in which the eukaryotes were mono-
phyletic, the columns correspond to 22 bacterial groups. A cell i,j in the
matrix is colored if tree i included a homologue from bacterial group ;.
Taxonomic groups harboring a gene that branches as a nearest neighbor
to the eukaryotic clade in each tree are marked by a red cell. Taxonomic
groups that are also present in the tree are marked by a gray cell. An
asterisk indicates that species from the Chlamydiae, Verrumicrobia, and
Plancomycetes taxa were combined into one group (PVC) (Wagner and
Horn 2006). Group 1 included only trees where exactly one bacterial
group was found, Group 2 included trees where 1) only Archaea were
found, 2) only proteobacteria were found, and 3) were only eubacteria
were found. Group 3 included all other trees. The black and white bars
on the right indicate whether the KOG underlying the tree belongs to an
informational (Inf.) or to an operational (Op.) class (Rivera et al. 1998).
The numbers in the top panel indicate the following. US: The number of
times that the given taxon was the only taxon in the sister group to the
eukaryotic sequence (unique sisterhood, US). TS: the number of times
that the taxon was either included in a unique sister group or in a sister
group consisting of mixture of prokaryotic taxa total sisterhood (TS). SP:
the number of sequenced strains from that taxon in our genome
sample.
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that taxon that are present in the trees, hence capable of
appearing as the eukaryote sister. Although there are suffi-
cient number of observations to normalize at the level of
taxa, when normalization is extended to functional catego-
ries, spurious results are obtained, even when the empty or
nearly empty elements of the matrix are removed (supple-
mentary fig. S3, Supplementary Material online).

The apparent strong contributions of euryarchaeotes and
a-proteobacteria are notable and robust. Among the arch-
aebacteria, the crenarchaeotes are, on a per gene basis,

more frequently found in the sister group than the euryarch-
aeotes (fig. 5a). Among the a-proteobacteria, there is
a positive correlation (p = 0.0437, P = 2.8 x 1079 between
genome size and eukaryote sisterhood frequency (fig. 5b),
indicating in the simplest interpretation, that the ancestor
of mitochondria had a large genome. If we reduce the result
of the functional category analysis to its most basic state-
ment, the data reveal clear evidence for the archaebacterial
nature of the eukaryotic genetic apparatus and the eubac-
terial nature of eukaryotic energy metabolism.
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Fic. 4.—Three-dimensional bar graphs of prokaryotic groups found as sister groups to the eukaryotes distributed across functional categories
according to KOG groups. The four main groups are information storage and processing (classes colored in blue), cellular processes and signaling
(classes colored in green), metabolism (classes colored in gray), and poorly characterized proteins (classes colored in black). (a) Including the data from
trees with 68 or fewer prokaryotic sequences. (b) Including the data from trees with more than 68 bacterial sequences. Bar height and color indicate
how often a certain group was found in a tree belonging to a certain category.

Genes Dispersed (Widely) from the Ancestor of
Mitochondria

Theories on the origin of eukaryotes differ with respect to
the role of mitochondria therein. Some theories view the or-
igin of mitochondria as distinct from and mechanistically ir-
relevant to the origin of eukaryotes (Kurland et al. 2006;
Forterre and Gribaldo 2010). Others view the origin of mi-
tochondria as coinciding with the origin of eukaryotes
(Martin and Mdller 1998; Embley and Martin 2006), as
having precipitated the origin of the nucleus (Martin and
Koonin 2006), and as an energetic conditio sine qua non
for the origin of eukaryote-specific gene families that

underpin eukaryotic cell and cell cycle complexity (Lane
and Martin 2010). Most studies aiming to identify the sister
group to mitochondria have focused on genes encoded in
mtDNA. But mtDNA-encoded proteins are often highly diver-
gent or rapidly evolving and phylogenetic problems thus arise
with their tendency to branch with proteins from other rap-
idly evolving lineages such as Rickettsias (Bridefalk et al. 2011;
Georgiades and Raoult 2011; Thrash et al. 2011). In phylo-
genetics, the problem is well-known and called long-branch
attraction (Lockhart et al. 1994). The most slowly evolving
prokaryotic homologues of eukaryotic nuclear-encoded
proteins should be least affected by long-branch attraction,
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Fic. 5.—Correlation between genome size and strain presence in
the eukaryotic sister clade. (a) All archaebacterial species that were
found as eukaryotic sisters plotted against their genome size.
Correlation was measured using the spearman rang correlation, resulted
inp =-0.1106, P = 0.3882. (b) All a-protecbacterial species that were
found as eukaryotic sisters plotted against their genome size.
Correlation was measured using the Spearman rang correlation,
resulted in p = 0.4371 and P = 2.8 x 107°.

and nuclear genome data have not been examined from that
standpoint so far. Hence we examined all 571 trees showing
eukaryote monophyly to find the prokaryotic homologues
that had the least total distance (the shortest path) in the
ML tree to the eukaryotic nuclear genes. The result (not
shown) was similar to figure 4a and b in that the highest fre-
quencies of sister group occurrence were observed in the eur-
yarchaeotal category for ribosome biogenessis and the
a-proteobacterial category energy metabolism.

The a-proteobacterial genomes harboring the slowly
evolving genes were mainly facultative anaerobes from
the Rhodospirilliaceae (Magnetospirillum and Rhodospiril-
lum) with the spectrum of functions represented being
metabolic and thereby very distinct from the ribosomal pro-
teins and respiratory chain components that are typically en-
coded in mitochondrial genomes (fig. 6). Thus, the result
that one obtains for the inferred nature of the ancestor
of mitochondria depends strongly upon which genes one

considers: The fast-evolving genes in mtDNA often point
to a fast-evolving mitochondrial ancestor related to Rickett-
sias (Bridefalk et al. 2011; Thrash et al. 2011; but see also
Esser et al. 2004 and Abhishek et al. 2011 for different re-
sults), whereas the proteins encoded in nuclear DNA point
to facultative anaerobic generalist a-proteobacteria as the
mitochondrial ancestor (Atteia et al. 2009)—the most slowly
evolving proteins in particular—as seen in figure 6.

There are 106 a-proteobacteria in our sample, about one-
fourth of which are intracellular pathogens belonging to the
Rickettsiales. Figure 7 plots the frequency of proteins from
106 a-proteobacterial genomes appearing in the sister
group to the eukaryotic genes (dark blue fields), how often
each genome harbors a protein that does not branch as
the eukaryote sister (light blue fields), or whether the gene
is missing in the genome altogether (white fields). The
a-proteobacterial strains with the highest frequency of oc-
currence in the sister group were Rhizobium NGR 234 (Rhi-
zobiales, 38 times), Bejjerinckia indica ATCC 9039
(Rhizobiales, 36 times), Acidiphilium cryptum JF-5 (Rhodo-
spirillales, 35 times), Ruegeria pomeroyi DSS 3 (Rhodobac-
terales, 35 times), Sinorhizobium meliloti (Rhizobiales, 35
times), Azorhizobium caulinodans ORS 571 (Rhizobiales,
35 times), and Methylobacterium nodulans ORS 2060 (Rhi-
zobiales, 35 times; for the complete list see supplementary
Table S3, Supplementary Material online). Clearly, among
those genes where an a-proteobacterial homologue resides
in the eukaryote sister group, different genes implicate dif-
ferent ancestors of mitochondria within the a-proteobacte-
ria, and each of the genomes is implicated as the sister of
a eukaryotic nuclear gene at least once. It has been sug-
gested that such patterns could reflect multiple origins of
mitochondria (Georgiades and Raoult 2011). It is more
likely however, in our view, that such patterns reflect
a single origin of mitochondria followed by subsequent
LGT among free-living prokaryotes (Martin 1999b; Richards
and Archibald 2011).

A Network Linking LECA to Prokaryotes

Based on the current sample of 994 genomes, 571 trees im-
plicate many different prokaryotes as gene donors to the
eukaryote common ancestor (fig. 7). In fact, the trees impli-
cate all 22 prokaryote higher taxa sampled here are gene
donors to LECA (figs. 2 and 4). Figure 8 summarizes those
results in a network in which the weight of the edges con-
necting prokaryotes to LECA reflects the relative frequency
of gene contribution to LECA by the respective lineage in the
current sample. The eubacterial contributions are shaded
blue, the archaebacterial contributions are shaded red,
and the retention of genes from both sources in diversifying
eukaryotic lineages is indicated accordingly. As in earlier
studies (Esser et al. 2004; Rivera and Lake 2004; Dagan
and Martin 2006; Pisani et al. 2007), the eubacterial
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Species found on
shortest branch

Order

Magnetospirillum magneticum AMB-1
Rhodospirillum centenum SW
Rhodospirillum rubrum ATCC 11170
Parvibaculum lavamentivorans DS-1
Methylobacterium radiotolerans JCM 2831
Ruegeria pomeroyi DSS 3

Beijerinckia indica ATCC 9039
Methylobacterium 4 46

Methylobacterium nodulans ORS 2060
Candidatus Pelagibacter ubique HTCC1062
Wolbachia endosymbiont of D. melanogaster
Orientia tsutsugamushi lkeda

Rickettsia canadensis McKiel

Rickettsia felis URRWXCal2

Rsp.

Rhiz.

Rick.

Bradyrhizobium japonicum
Roseobacter denitrificans OCh 114

Rhodobacter sphaeroides KD131
Maricaulis maris MCS10

Rdb.

Novosphingobium aromaticivorans DSM 12444
Sphingomonas wittichii RW1

Sphingopyxis alaskensis RB2256

Zymomonas mobilis ZM4

Sph.

Caulobacter crescentus NA1000

Caul

Mitochondrial Fe/S cluster exporter, ABC superfamily

Mitochondrial chaperonin, Cpn60/Hsp60

Fe-S cluster biosynthesis protein ISA1 (contains a HesB-like domain)
Glutaminyl-tRNA synthetase

Cysteine desulfurase NFS1

Enoyl-CoA hydratase

NADH-ubiquinone oxidoreductase, NUFS7/PSST/20 kDa subunit
NifU-like domain-containing proteins

Microtubule-binding protein involved in cell cycle control

Predicted transporter (ABC superfamily)

3-oxoac I-(acyl—carrier-proteinfsynthase (land I1)

NADH:ubiquinone oxidoreductase, NDUFS2/49 kDa subunit
Predicted ATPase, nucleotide-binding

Cytochrome c1

NADH:ubiquinone oxidoreductase, NDUFV2/24 kD subunit

MQ mono-oxygenase/Ubiquinone biosyn. protein COQ7/CLK-1/CAT5
Cytochrome c oxidase, subunit Il, and related proteins
2-oxoglutarate dehydrogenase, E1 subunit

Pyruvate dehydrogenase E1, beta subunit
Succinyl-CoA synthetase, alpha subunit
Ubiquinol cytochrome c reductase, subunit RIP1
1,4-benzoquinone reductase-like

Slyruvate dehydrogenase E1, alpha subunit

itochondrial processing peptidase, beta subunit, and rel. enzymes
Para-hydroxybenzoate-polyprenyl transferase

NADH-ubiquinone oxidoreductase, NDUFS1/75 kDa subunit
NAD/FAD-utilizing protein possibly involved in translation
NADH:ubiquinone oxidoreductase, NDUFV1/51kDa subunit

G-protein beta subunit-like protein (contains WD40 repeats)
Predicted glutathione S-transferase

Thioredoxin/protein disulfide isomerase
Cytochrome b5

Glycerol-3-phosphate dehydrogenase

Glycosyltransferase

Conserved WD40 repeat-containing protein

SAM-dependent methyltransferase/cell division protein FtsJ
Dihydrolipoamide dehydrogenase

FOF1-type ATP synthase, beta subunit

Succinate dehydrogenase, flavoprotein subunit
Cytochrome oxidase subunit Ill and related proteins

Mitochondrial/chloroplast ribosomal protein L12
Iron binding protein involved in Fe-S cluster formation

Prohibitins and stomatins of the PID superfamily

Ferredoxin

Cytochrome b

Reductases with broad range of substrate specificities
NADP+-dependent malic enzyme

Vesicle coat complex COPII, GTPase subunit SAR1
Molecular chaperones HSP70/HSC70, HSP70 superfamily
NADH-ubiquinone oxidoreductase, NDUFS3/30 kDa subunit

2—0xoglutarate dehydrogenase, E2 subunit
Cytochrome ¢

Succinate dehydrogenase, Fe-S protein subunit
Aminomethyl transferase

Glutaredoxin-related protein

Mitochondrial/chloroplast ribosomal protein L3

Fic. 6.—Frequency of single a-proteobacterial species found on the shortest path to the eukaryotic clade, by summing up the branch lengths. For
each of the respective sequences, the functional annotation is also given. Abbreviations refer to a-proteobacterial families. Rsp: Rhodospirillales, Rhiz:
Rhizobiales, Rick: Rickettsiales, Rdb: Rhodobacterales, Sph: Sphingomonadales, and Caul: Caulobacterales.

contribution to eukaryotic genomes is quantitatively pre-
dominant, a crucial circumstance that is still too often over-
looked (Gribaldo et al. 2010). These distinct contributions
from archaebacteria and eubacteria require a network-
based framework, rather than a tree-based framework,
for addressing eukaryote origins. Under the simplest work-
ing hypothesis, the eubacterial and the archaebacterial
contributions stem from only one cellular donor each,
the eubacterial ancestor of mitochondria and its archae-
bacterial host, respectively. The (erroneous, in our view) im-
plication of several different donor lineages stems merely
from the natural workings of LGTamong free-living prokar-
yotes subsequent to the origin of eukaryotes, as sketched
in figure 9.

In order for that explanation to be tenable, a consider-
able amount of LGT must have occurred for the genes
under study among the ancestors of the groups sampled
here. To see if there is evidence for that, we looked
to see how often the prokaryotic groups in question
were monophyletic across the 571 trees for which
the eukaryotes were monophyletic. The result is shown
in Table 1. The worst “LGT offenders” were the
d-proteobacteria, the firmicutes, and the y-proteobacteria,
which each were monophyletic groups in less than
10% of the trees studied. Aside from archaebacteria
and o-proteobacteria, these three groups were also the
largest apparent contributors to the functional classes in
figure 4b.
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[ Found as eukaryotic sister clade

Rsp
Rhiz
Rick
Rdb
Sph
Caul

Present in tree |:| Not present in tree

Succinyl-CoA synthetase, alpha subunit
Succinate dehydrogenase, flavoprotein subunit
Succinate dehydrogenase, Fe-S protein subunit
NADH:ubiquinone oxidoreductase, NDUFS2/49 kDa subunit
Pyruvate dehydrogenase E1, alpha subunit
Coproporphyrinogen |1l oxidase CPO/HEM13
Cytochrome ¢ oxidase, subunit |
Fe-S cluster biosynthesis protein ISA1 (contains a HesB-like domain)
NifU-like domain-containing proteins
2-oxoglutarate dehydrogenase, E1 subunit
Para-hydroxybenzoate-polyprenyl transferase
Cytochrome c oxidase, subunit Il, and related proteins
NADH:ubiquinone oxidoreductase, NDUFV1/51kDa subunit
NADH-ubiquinone oxidoreductase, NUFS7/PSST/20 kDa subunit
Mitochondrial/chloroplast ribosomal protein L3
Ubiquinol cytochrome ¢ reductase, subunit RIP1
Mitochondrial pracessing peplidase, beta subunit (insulinase superfamily)
Cytochrome oxidase subunit Il and related proteins
Valyl-tRNA synthetase
ATP-dependent RNA helicase
Proteins containing the FAD binding domain
Aminomethyl transferase
3-Methylcrotonyl-CoA carboxylase
Predicted transporter (ABC superfamily)
NAD/FAD-utilizing protein possibly involved in translation
Mitochondrial chaperonin, Cpn60/Hsp60p
NADH:ubiquinone oxidoreductase, NDUFV2/24 kD subunit
Cysteine desulfurase NFS1
Dihydrolipoamide dehydrogenase
NADH-ubiquinone oxidoreductase, NDUFS1/75 kDa subunit
1 Pyruvate carboxylase
| ] mRNA splicing factor ATP-dependent RNA helicase
Cyltochrome b
111 B Im i1T m —  Predicted fumarylacetoacetate hydralase
— Predicled ATPase, nucleolide-binding
—  3-oxoacyl-(acyl-carrier-protein) synthase (I and I1)
—  Glutamyl-{RNA synthetase
— Pyruvate dehydrogenase E1, beta subunit
—  Alkyl hydroperoxide reductase, thiol specific antioxidant and related enzymes
—  Glycine/serine hydroxymethyltransferase
—  Dihydrolipoamide succinyltransferase (2-oxoglutarate dehydrogenase, E2 subunit)
| —  FOF1-type ATP synthase, beta subunit
l —  Glycine/serine hydroxymethyltransferase
s —  Ferredoxin
[ | —  Cytochrome ¢l
1 —  Cylochrome ¢
1 — SAM methyltr division protein FisJ
| | | | —  Glycine dehydrogenase (decarboxylating)

. —  Serine palmitoyltransferase
I l — Reductases with broad range of substrate specificities
I | I —  Serine racemase
M | I 1_1n

1 — 1.4-benzoquinone reductase-like
L 1 1 —  Prohibitins and stomatins of the PID superfamily
c ine beta-l o

- e gammi
11m | | 11 —  Fructose-1,6-bisphosphatase
1 —  Ribulose kinase and related carbohydrate kinases
|
1

Il .l III |
1 q HAmig =

— RNA polymerase |, second largest subunit
—  Glycine/serine hydroxymethyltransferase
| 1 [ | —  Alcohol dehydrogenase, class 11l
—  Glutaredexin-related protein
—  Enoyl-CoA hydratase
—  Glycerol-3-phosphate dehydrogenase
ip 1 1 | 1] | |E|- Somilol dehydrogenase
] — Mitochondrial/chloroplast ribosomal protein L12
1 — DMQ Jbiquinone b hesis protein COQ7/CLK-1/CATS
I 1 1 1 —  FKBP-type peplidyl-prolyl cis-trans isomerase
| — 1.4-benzoquinone reductase-like
1 —  Aldehyde dehydrogenase
1 - Predicted NAD-dependent oxidoreductase
. ] [ ] [ ] | [ ] — mRNA cleavage and polyadenylation factor Il complex, BRRS (CPSF subunit)
I — Aconitase/homoaconitase (aconitase superfamily)

— DEAH-box RNA helicase
HER — Iron binding protein involved in Fe-S cluster formation
1 l — Histone deacetylase complex, catalytic component RPD3
] M 1 1 —  NADH-cytochrome b-5 reductase
1 —  Unknown function
i 1 'n ] —  Unknown function
- — NADP+-dependent malic enzyme
—  N-acetylglucosaminyltransferase complex, subunit PIG-A/SPT14
l —  Glutaminyl-tRNA synthetase
1 —  Predicled carbohydrale kinase, contains PikB domain
111 1 1 | 0| |- Chromatin remodeling complex WSTF-ISWI, small subunit
— Predicted steroid reductase
1 | | -I —  Uncharacterized conserved protein
il 11 [1] —  Possible pfkB family carbohydrate kinase
11 —  Glycosyltransferase
AM-dependent methyltr
1 —  ABA+-type ATPase
l —  Thioredoxin/protein disulfide isomerase
—  Plasma membrane H+-lransporting ATPase

I 1 1 —  Malate dehydrogenase
. —  Selenium-binding protein

| — Predicted cleavage and polyadenylation specificity factor (CPSF subunit)
1

— RNA helicase nonsense mRNA reducing factor ((NORF1)
—  Asparaginyl-tRNA synthetase
1 —  Cdk activating kinase (CAK)/RNA polymerase Il
1 —  Cytochrome bS
] —  DNA replication licensing factor, MCM6 component
1 —  Conserved WD40 repeat-containing protein
1 —  Pleiotropic regulator 1
] —  GTP-binding protein CRFG/NOG1 (ODN superfamily)
l —  DNA repair protein RAD51/RHP55
[ ] —  60s ribosomal prolein L23
[} - Fe-S oxidoreductase

Fic. 7.—Distribution of a-proteobacterial groups found as sister group to the eukaryotic clade. These presence absence matrix gives the functional
description of all 104 trees (as rows) where the a-proteobacteria (106 different species, as columns) were found as the eukaryotic sister clade. The color
indicates whether a group was found as sister clade (deep blue) or was just present in the tree (light blue). Abbreviations of a-proteobacterial families as
given in the legend to figure 6.
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Fic. 8.—Network linking apparent prokaryotic donors to the eukaryote common ancestor according to the present findings. This network based
on a traditional phylogenetic tree to which lateral edges were added. Color intensity and width of the lateral edges reflect the frequencies with which

these groups appear as sisters to the eukaryotic clade.

Discussion

Single Ancient Acquisition, Not Continuous Influx

We identified and investigated 712 eukaryotic protein fam-
ilies that have prokaryotic homologues. Of those trees, 571
(80%) reflect a single origin for the eukaryotic gene. For the
remaining 141 genes whose trees do not directly reflect a sin-
gle origin, there are causes other than LGT from prokaryotes
to eukaryotes that can readily account for the lack of ob-
served eukaryote monophyly, the two most obvious of which
are computational (phylogenetic parameters) and biological
(differential loss). Examining alignment characteristics that
are correlated with the inference of LGT from discordant
branching, Roettger et al. (2009) found that the number
of OTUs in the alignment (tree) was among the most highly
correlated with LGT inference: the more OTUs in the align-
ment, the more likely the inference of LGT. The median num-
ber (+ standard error) of OTUs in our 141 trees that did not
recover eukaryote monophyly is 337 + 179, which is signif-
icantly higher (P < 10~"") than the median value of 115 +
193 for the 571 trees in which the eukaryotes comprised
a monophyletic group. The large number of OTUs is poten-
tially a biased source of alignment and phylogeny artefacts
that could disrupt eukaryote monophyly.

Another mechanism that could readily produce the 141
cases of eukaryote non-monophyly is differential loss among
paralogous gene families that were inherited as paralogs
from the mitochondrial ancestor in LECA. About 50% of
the genes in an average contemporary prokaryotic genome
have duplicates within the genome (Hooper and Berg 2003).
For our present considerations, it is immaterial whether the
source of the duplicated prokaryotic gene is from within the
chromosome or via lateral acquisition, although genome

data argue in favor of the latter (Treangen and Rocha
2011). If the mitochondrial ancestor had a typical genome
with about 4,000 genes, it would have then harbored about
2,000 genes existing within paralogous families, like Escher-
ichia coli or Bacillus subtilis do (D'Antonio and Ciccarelli
2011). Transfer from a single source, for example the host
or the mitochondrial ancestor, followed by differential loss
within such gene families during eukaryote evolution (Zmasek
and Godzik 2011), would produce non-monophyletic eukary-
ote trees in a manner that does not involve LGT.

At the same time, there are limits as to how many such
patterns can be explained with differential loss only. If dif-
ferential loss (instead of LGT) is invoked to explain the pres-
ence/absence patterns of all nonuniversally distributed
genes, the Genome of Eden problem (Doolittle et al.
2003) ensues: inferred ancestral genome sizes become or-
ders of magnitude larger than any observed contemporary
prokaryotic genome, an untenable proposition (Dagan and
Martin 2007). But for a mere 140 genes families the situa-
tion is less severe, especially given that the genome of the
mitochondrial ancestor probably harbored on the order
~1,000 gene families. Furthermore, at least eight ancient
gene duplicate pairs (16 gene families) have been univer-
sally, or nearly so, conserved across prokaryotic genomes
(Dagan et al. 2010). Thus, it would be unreasonable to as-
sume that there was neither paralogy nor differential loss in
the 20% fraction of trees where eukaryotes appeared non-
monophyletic, especially given that 50% of a typical pro-
karyotic genome falls into intragenomic gene families.

Given eukaryote age, there have been ~1.8 billion years
(Parfrey et al. 2011) of opportunity for these eukaryote lin-
eages to reacquire these 571 genes from prokarytes via LGT.
But that has not happened, indicating that LGT from
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Mitochondrion Host

Fic. 9.—Lateral gene transfer between free-living prokaryotes subsequent to the origin of organelles requires that we think at least twice when
interpreting phylogenetic trees for genes that were acquired from mitochondria (or chloroplasts, not shown). Genes that entered the eukaryotic lineage
via the genome of the mitochondrial endosymbiont represent a genome-sized sample of prokaryotic gene diversity that existed at the time that
mitochondria arose. The uniformly colored chromosomes at t, indicate that at the time of mitochondrial origin, there existed for individual prokaryotes
specific collections of genes in genomes, much like we see for strains of Escherichia coli today. If an E. coli cell would become an endosymbiont today, it
would not introduce an E. coli pangenome’s worth of gene diversity (some 18,000 genes) into its host lineage, rather it would introduce some 4,500
genes or so. The free-living relatives of that endosymbiont would go on reassorting genes across chromosomes via gene transfer at the pangenome
(species and strain) level, at the genus level, at the family level, and at the level of proteobacteria, the environment, and so forth. After 1.5 billion years,
it would be very unreasonable to expect any contemporary prokaryote to harbor exactly the same collection of genes as the original endosymbiont did.
Instead, the descendant genes of the endosymbiont (labeled blue in the figure) would be dispersed about myriad chromosomes, and we would
eventually find them one at a time through genome sequencing of individuals from different groups. Though not shown here, for reasons of space
limitation, exactly the same process also applies, in principle, for the host's genome. Redrawn from Martin (1999b) and from figure 5 of Rujan and
Martin (2001).

prokaryotes to eukaryotes—outside the context of endo-
symbiotic organelle origins—is rare in eukaryote evolution.
It is certainly far more rare than LGT among prokaryotes in
evolution. This is consistent with the lack of functional gene
acquisition by aphids from Buchnera endosymbionts (Nikoh
etal. 2010), despite more than 100 million years of intracel-
lular coevolution. By contrast, at the origins of chloroplasts
and mitochondria, gene transfers from the genomes of the
respective endosymbionts and functional integration of
those genes into the metabolism of the resulting cell were
abundant (Timmis et al. 2004; Lane and Archibald 2008).

Much current thinking on eukaryote origins is still fo-
cused on debating the branching orders in alternative trees

(Gribaldo et al. 2010): a tree x versus tree y debate. But
a spectrum of alternatives that consider only trees is not
broad enough. A considerable amount of evidence indicates
that the process of eukaryote origins was not tree-like to
begin with. Eukaryote genome evolution entails many
non-tree-like processes, and these non—tree-like events (en-
dosymbiosis and gene transfer) could be the decisive events
in eukaryote evolution (Lane and Martin 2010; Koonin
2012). Gene origin and evolution in the eukaryotic tree
of life has many tree-like components (Bapteste et al.
2009). But when the overall process of eukaryote (genome)
evolution is set in the context of a realistic model of prokary-
otic genome evolution, with abundant gene transfer among
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Table 1
Prokaryote Monophyly in Eukaryote Monophyly Trees

Degree of Prokaryote Monophyly

Group Strict® Outer® Inner®
Chlamydiae 0.844 0.856 0.962
Chlorobi 0.672 0.695 0.893
Deinococcus 0.654 0.693 0.882
Thermotogae 0.579 0.635 0.851
e-Proteobacteria 0.534 0.583 0.785
Cyanobacteria 0.473 0.557 0.760
Crenarchaeota 0.341 0.598 0.660
Chloroflexi 0.286 0.364 0.665
Spirochaetes 0.249 0.298 0.641
B-Proteobacteria 0.237 0.415 0.501
Bacteroidetes 0.214 0.334 0.642
Euryarchaeota 0.200 0.476 0.505
o-Proteobacteria 0.194 0.398 0.499
Actinobacteria 0.170 0.359 0.534
Archaea, other? 0.092 0.159 0.486
v-Proteobacteria 0.090 0.382 0.325
Firmicutes 0.080 0.310 0.345
3-Proteobacteria 0.056 0.152 0.361
Bacteria, other 0.038 0.099 0.292

@ The proportion of trees in which the group is monophyletic.

b The proportion of the members of the given group that are present in the tree
and contained within the smallest clade containing all members of the group (and
members of other groups); Ngroup/Nciade, Where Ngroup is the number of members of the
group in the clade and njage is the number of OTUs in that clade. Value shown is the
mean across all trees.

€ The proportion of the members of the given group that are present in the tree
and contained within the group’s largest monophyletic clade; Ngroupiciadel/Ngroupiiree}s
where Ngroup(ciade) i the number of members of the group in the clade and ngoup(tree) i
the number of group members in the tree. Value shown is the mean across all trees.

d Designates a grouping of Nanoarchaea, Thaumarchaea, and Korarchaeota
lumped together, the individual samples of which are either one or too small to
consider monophyly.

prokaryotes and occasional major influxes into eukaryote
genomes via endosymbiosis and gene transfers from
organelles, the non-treelike evolutionary events (Lane and
Archibald 2008; Mclnerney et al. 2008) stand out—they
are components of eukaryote genome evolution that do
not fit on a tree. They require network approaches.

Many Theories and Many Trees

Among the 571 trees that recovered eukaryote monophyly,
the higher prokaryotic taxa harboring a gene with a sister
group relationship to the eukaryotic nuclear homologue
are shown in figure 2. These genes could provide evidence
to discriminate between different current theories for eu-
karyote origin. We start with theories that received the least
support.

One theory has it that the eukaryotic lineage is of equal
age as the two prokaryotic domains (Kurland et al. 2006); it
predicts that we should mainly obtain a topology of three
monophyletic domains among our trees. The three-domain
tree was however observed in only three cases out of 571
(0.5% of all trees): the 60s ribosomal protein 12/L8

(KOG2309), the 40S ribosomal protein S16 (KOG1753),
and the large subunit of RNA polymerase Il (KOG0261).
Gribaldo et al. (2010) argued that the three-domain tree
is correct, but reported no new analyses to test that view
and considered only a specific subset of genes—those that
specifically link eukaryotes and archaebacteria and hence fit
the metaphor of a tree. In doing so, they disregared the eu-
bacterial majority of genes in eukaryotic genomes. Among
theories considered here, the three-domain tree received
the least support. The next lowest rung on the ladder of sup-
port is occupied by the theory that the eukaryotic nucleus
arose within an endospore forming Gram-positive bacte-
rium (Gould and Dring 1979), in which case eukaryotes
should branch with firmicutes, which was observed in only
11 trees (fig. 2).

That is followed by theories that entail the planctomy-
cetes (the PVC group) as intermediate steps in the
prokaryote-to-eukaryote transition (Devos and Reynaud
2010) or as the host for an endosymbiotic origin of the
nucleus (Forterre 2011). PVC sisterhood is observed in
15 trees (2.6%). That is the same level of support as current
versions of the neomuran theory receive (Cavalier-Smith
2002) because actinobacteria branched as eukaryote
sistersin 15 trees. The theory of the late Lynn Margulis that
spirochaetes were crucial to eukaryote origin via the
simultaneous origin of eukaryotic flagella and the nucleus
(Margulis et al. 2006) fared incrementally better, with 17
trees pegging spirochaetes as eukaryotic sisters (fig. 2).
Better still fared the original version of the neomuran
theory (Cavalier-Smith 1975) with eukaryotes viewed as
direct descendants of cyanobacteria (19 trees).

Some theories have it that the nucleus arose as an archae-
bacterial endosymbiont in a Gram-negative host (Gupta and
Golding 1996), in some formulations a y-proteobacterial host
(Horiike et al. 2004). The corresponding y-proteobacterial sis-
terhood is observed in 20 trees. Related theories have it that
the host for an endosymbiotic origin of the nucleus was a 8-
proteobacterium (Moreira and Lopez-Garcia 1998), a topology
that is observed for 25 genes (fig. 2). Although an endosym-
biotic theory for the origin of the nucleus belongs to the very
first formulations of endosymbiotic theory (Mereschkowsky
1905, 1910), there are a number of fundamental and serious
problems with the view that the nucleus was ever free-living
prokaryote (Martin 1999a; Cavalier-Smith 2002).

Several modern formulations of endosymbiotic theory
that posit only two cells at eukaryote origin, an archaebac-
terial host and a mitochondrial endosymbiont (Searcy
1992; Martin and Muller 1998; Vellai et al. 1998). One for-
mulation of endosymbiotic theory entailing a prokaryotic
host posits mass transfer of genes from the genome of
the mitochondrial endosymbiont to the chromosomes of
the host, while directly accounting for the common ances-
try of mitochondria and hydrogenosomes (Martin and
Mdller 1998), and an autogenous origin of the nucleus
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in a mitochondrion-bearing cell, mechanistically precipi-
tated via the invasion of Group Il introns from the symbiont
into the host’s chromosomes and their transition there to
spliceosomal introns (Martin and Koonin 2006). This is sup-
ported by the most frequent class of eubacterial sisterhood
observed was for a-proteobacteria (37 genes; fig. 2).

The archaebacterial genomes sampled revealed some
cases of eukaryotic sisterhood for Nanoarchaea (Huber
et al. 2002) and Korarchaeota (Elkins et al. 2008), which
have so far not been implicated in eukaryote origins, as
well as more frequent sisterhood for mesophilic crenarch-
aeotes currently called thaumarchaeotes (24 trees), cren-
archaeotes (44 trees), and euryarchaeotes (77 trees),
which have (Embley and Martin 2006; Cox et al. 2008;
Kelly et al. 2011). Because of imbalanced lineage sampling,
the data do not speak unambiguously in favor on any par-
ticular theory. Nevertheless, the distribution of signals in
figure 4 is more in line with the prediction of an “archae-
bacterial nature of the eukaryotic genetic apparatus and
a eubacterial ancestry of eukaryotic energy metabolism”
(Martin and Mdaller 1998) than with the predictions of
other theories.

Some might take the sisterhood frequency of
d-proteobacterial genes to eukaryotic homologues as
evidence in favor of a participation of 8-proteobacteria
at eukaryote origins, but the same logic would then have
to be applied to y-proteobacterial genes, actinobacterial
genes, cyanobacterial genes, spirochaete genes, and so
forth; the various theories for the origin of eukaryotes
that generate those predictions cannot all be simulta-
neously correct. The simplest interpretation in our view
is that shown in figure 9. Particularly with regard to
d-proteobacterial sisterhood, we point out that in gene
sharing networks of proteobacteria, the frequency of
lateral gene sharing between &-proteobacteria and
a-proteobacteria is higher than within a-proteobacteria
themselves (Kloesges et al. 2011), such that gene transfer
among prokaryotes prior to, and subsequent to, the origin
of mitochondria could readily account for the observa-
tion. In that sense, the mitochondrion remains a plausible
alternative as the sole biological source of oddly branch-
ing eubacterial genes in the genome of the eukaryotic
ancestor, one requiring little in the way of corollary
assumptions—all we have to assume is the gene transfer
among prokaryotes has always been more or less like it is
today, and we do not have to assume additional cellular
partners whose ribosomes disappear. Eukaryotes (that
lack plastids) possess only two kinds of ribosomes:
archaebacetrial ribosomes in the cytosol and eubacterial
ribosomes in the mitochondrion. Theories that posit cel-
lular partners other than the mitochondrion and its host
have to account for the disappearance of the additional
genomes and ribsomes, and why the data should tend to
support one partner (a d-proteobacterium for example)

over another (a y-proteobacterium or spirochaete) even
though the competing alternative signals are more or less
equally strong.

Too Many Inferred Cells and Donor Lineages

In the literature on endosymbiosis and gene transfer from
organelles to the nucleus, it is commonplace to speak about
"eukaryotic genes of a-proteobacterial origin.” But the tax-
onomic or lineage designation “a-proteobacterial” is in fact
very problematic, and perhaps even more arbitrary that
problematic. In the context of eukaryote gene origins, most
readers will associate “a-proteobacterial” with “mitochon-
drial,” and attribution of a gene origin to a cellular partner
is uncontroversial; the existence of a donor cell is inferred
from an observation in a phylogenetic tree. The implicit rea-
soning is: per donor lineage identified, add one cellular part-
ner. That is seemingly unproblematic for a-proteobacteria
(or cyanobacteria for plastids), but by that measure, we
would infer 22 different prokaryotic cells (including a cell
from the phylum “other”) at the origin of eukaryotes on
the basis of the present data. The participation of 22 differ-
ent cells to construct LECA and then no subsequent addi-
tions for the next ~1.8 billion years for the genes and
lineages sampled here are not likely in our view, though
not prohibitively complex as an idea, if we think openly.
But the more subtle problem lies elsewhere: the arbitrary
level at which we define a lineage from which the cell is
to be inferred.

Namely, if we alter the level of taxonomic specificity with
which we describe in figure 2, we will infer fewer or more
numerous cells participating at eukaryote origin as endo-
symbionts and hosts. For example, if we were to increase
the taxonomic resolution for our designation/definition of
a “donor lineage” to the level of prokaryotic families, then
we would infer 148 different donor lineages (i.e., how many
families there are in our sample whose genes populate eu-
karyote sister groups in our trees) and hence 148 different
prokaryotic cells in symbiotic association at eukaryote origin,
given the present sample. Or we can take things one step
further: at the level of genera and species, the numbers in-
crease to 349 cells and 768 cells participating in the origin of
the eukaryote common ancestor, respectively. And as the
sample of sequenced genomes grows over time, so will
the number of inferred donors to LECA.

Thus, that avenue of interpretation (one cell per lineage)
is clearly problematic and leads to chaos because of the ar-
bitrariness of choosing or defining the taxonomic level at
which to seek or find a donor lineage. One solution is to
simply zoom out in terms of taxonomic resolution, and con-
ceptually operate at the level of domains, in which case we
would conveniently have one eubacterium (the mitochon-
drial endosymbiont) and one archaebacterium (the host) im-
plicated at eukaryote origins. That would solve the “one cell
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inferred per lineage identified” conundrum, but it is only half
of the problem. The other half concerns the concept of
a prokaryotic “lineage” in the context of the amount of geo-
logical time (about 1.8 billion years) that the fossil record
implores us to keep in mind when considering eukaryote
origins.

In terms of how genes behave in chromosomes over time,
there are two ways to think about prokaryote lineages: they
have static chromosomes that are immune to LGTand differ-
ences in gene content across members of a lineage are gen-
erated only by gene loss or they have fluid chromosomes
with genes coming into exiting genomes of members of
the “lineage” over time. The latter fluid chromosome view
has recently been presented in more generalized form as the
public goods hypothesis for prokaryotic genes (Mclnerney,
Pisani, et al. 2011). Readers familiar with prokaryote chro-
mosome evolution will immediately complain that the static
chromosome model is unrealistic and outdated, but it is very
real and manifest—but usually implicit—in literature con-
cerning eukaryote gene origins. Clearly, what we consider
to be a “donor lineage” at eukaryote origin depends on
the level of taxonomic resolution chosen to represent a “lin-
eage” in our prokaryotic survey.

For example, if we go to the level of species or strains, and
adhere to the concept of a static prokaryote chromosome
model (that is if we neglected LGT among prokaryotes over
geological time, which we do not), we would conclude that
the most potent donor of genes to the common ancestor of
the eukaryotic lineage was the creanarchaeon (thaumarch-
aeote) Nitrosopumilus maritimus strain SCM1, which ap-
pears in the clade adjacent to the eukaryote gene 54
times, 3 time more than the next most potent apparent do-
nor, the korarchaeon Candidatus korarchaeum cryptofilum
strain OPF8. But the origin of eukaryotes occurred some
~1.8 billion years ago (Parfrey et al. 2011). If we were as-
suming a static chromosome model and thus claiming
(which we are not) that specific strains of prokaryotes
served as donors of eukaryotic genes ~1.8 billion years
ago, then we would be assuming (which we do not) that
Nitrosopumilus maritimus SCM1, defined by the specific
collection of 1,795 genes in its genome, existed ~1.8 billion
years ago. Implicitly, we would then also be assuming (which
we do not) that all the other species and strains in the pres-
ent study also existed in their modern form ~1.8 billion
years ago.

The cogent reader would immediately, and rightly, pro-
test that no contemporary prokaryotic strain with its current
specific collection of genes could have existed ~1.8 billion
years ago. This is all the more evident in light of gene con-
tent differences among E. coli strains, a well-studied case. In
61 sequenced E. coli genomes, there are about 18,000
genes, only about 4,500 of which occur in any individual
strain (Lukjancenko et al. 2010). Each new sequenced strain
uncovers a new combination of genes present in the E. coli

pan-genome and about 200 ORFs new to the species pan-
genome. The E. coli core genome (present in all 61 se-
guenced strains) is currently <1,000 genes, and no E. coli
genome harbors more than about 25% of all 18,000 genes
found in the species (Lukjancenko et al. 2010). If we move
up the taxonomic scale to the level of y-proteobacteria, the
problem gets worse: A sample of 157 y—proteobacteria
(subclass) was found to harbor 40,327 different gene fam-
ilies (Kloesges et al. 2011), and a sample of 329 proteobac-
teria (class or phylum) was found to harbor about 75,000
different genes (Kloesges et al. 2011). An average individual
proteobacterium only has about 3,000-4,000 genes and
none has more than 9,703, the number found in Sorangium
cellulosum So ce 56. The difference between ~75,000
genes present in proteobacteria and ~3,000 present in
a given strain is not attributable to differential loss from
a proteobacterial ancestor that had 75,000 genes, but it
is readily attributable to gene flow (LGT) among individuals
and individual strains of proteobacteria and among proteo-
bacteria with other prokaryotes (Doolittle 1999; Doolittle
et al. 2003; Dagan et al. 2008).

Because of the foregoing considerations, reasoning along
the lines of “one cell inferred per donor lineage identified” is
misleading, mainly because if we are talking about genes in
genomes (which we are), the word “lineage” does not have
a well-specified meaning in a context where we try to relate
collections of genes present in individual prokaryote ge-
nomes that existed ~1.8 billion years ago to genes present
in individual modern sequenced genomes. Nonetheless,
there is a current trend in the literature of inferring cells
where a few genes give unexpected trees, the invisible
“chlamydial” sidekick at plastid origins being perhaps the
most prominent example (Huang and Gogarten 2007,
Becker et al. 2008; Moustafa et al. 2008). But that line of
argumentation will necessarily subside at some point, for
two reasons. First, it will not lead to any form of conver-
gence as more genomes become sampled. On the contrary,
with increased sampling of prokaryotic genomes for refer-
ence comparisons, the phylogenetic “identity” of donor lin-
eages to the eukaryotic common ancestor will continue to
change and will furthermore continue to spread out across
more prokaryotic genomes. Second, and more severely, if
one looks for a few genes that suggest a chamydial partner
one will find them, but if one looks for a few genes that
suggest a spirochaete partner, one will find them too,
and a clostridial partner to boot, and so forth. Because eu-
karyotes have so many genes, if we look for a particular phy-
logenetic pattern, the chances are that we will find it at
a low frequency in eukaryote genomes by chance alone
(Stiller 2011), but we need to look at all the genes in eukary-
ote genomes, not just ad hoc gene samples that support
a particular story. In phylogenomics, we need to keep ran-
dom phylogenetic error in mind (Stiller 2011), and the inter-
pretations of the data need to encompass gene transfer
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among prokarytes because it is a very real component of
microbial evolution.

All things being equal, if our present considerations are
approximately on target, as sampling improves the end re-
sult might tend to asymptotically approach one apparent
prokaryotic donor chromosome per eukaryotic gene, even
if—as we maintain—only two cells, a mitochondrial endo-
symbiont and its archaebacterial host, each with a discrete
and specific collection of genes, participated at eukaryote
origin. As sampling improves, a more realistic, temporally
dynamic prokaryote lineage concept with fluid genomes
and genes as public goods will figure more widely into think-
ing on eukaryote gene origins. Because genes that contrib-
uted to the eukaryote common ancestor lineage have
different individual histories, networks, rather that trees
alone, are integral to the study of eukaryote origins, and
the explanatory context needs to recognize the importance
of endosymbiosis and gene transfer in evolution.

Supplementary Material

Supplementary tables and figures are available at Genome
Biology Evolution online (http://www.gbe.oxfordjournals.
org/).
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Abstract

Background:

Analyzed individually, gene trees for a given taxon set tend to harbour incongruent or
conflicting signals. One popular approach to deal with this circumstance is to use
concatenated data. But especially in prokaryotes, where lateral gene transfer (LGT) is a
natural mechanism of generating genetic diversity, there are open questions as to whether
concatenation amplifies or averages phylogenetic signals residing in individual genes. Here
we investigate concatenations of prokaryotic and eukaryotic datasets to investigate possible
sources of incongruence in phylogenetic trees and to examine the level of overlap between
individual and concatenated alignments.

Results:

We analyzed prokaryotic datasets comprising 248 invidual gene trees from 315 genomes at
three taxonomic depths spanning gammaproteobacteria, proteobacteria, and prokaryotes
(bacteria plus archaea), and eukaryotic datasets comprising 279 invidual gene trees from 85
genomes at two taxonomic depths: across plants-animals-fungi and within fungi. Consistent
with findings from previous studies, the branches in trees made from concatenated alignments
are, in general, not supported by any of their underlying individual gene trees, even though
the concatenation trees tend to possess very high bootstrap proportions values. For the
prokaryote data, this observation is independent of both phylogenetic depth and sequence
conservation. The eukaryotic data show better agreement between concatenated and single
gene trees. Sequence length in individual alignments, but not sequence divergence, was found
to correlate with the generation of branches that correspond to the concatenated tree.
Simulated data reproduced this result, but the overall congruence in the simulated data was
much higher than in real data.

Conclusions:

The weak correspondence of concatenation trees with single gene trees gives rise to the
question where the phylogenetic signal in concatenated trees is coming from, if it is not
coming from the individual alignments. In general, the eukaryote data reveals a better
correspondence between individual and concatenation trees than the prokaryote data. But the
question of whether the lack of correspondence between individual genes and the
concatenation tree in the prokaryotic data is due to LGT is remains unanswered, because were

LGT the cause of incongruence between concatenation and individual trees, we would have
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expected to see greater degrees of incongruence for more divergent prokaryotic data sets,

which was however not observed.

Keywords: phylogeny, concatenation, conflicting signals, bootstrapping

Background

Constructing trees out of concatenated alignments is now common practice in phylogenetics
[1, 2]. A problem encountered in some of the first concatenation studies is that the
concatenation tree is fully supported via bootstrapping at many or all branches but trees for
the individual genes do not support the concatenation result, or conflict with it [3, 4]. In
investigations of prokaryotic gene trees, the topological differences between individual trees
underlying a concatenation are usually ascribed to lateral gene transfer (LGT) [5], which is
not unreasonable, because prokaryotes really do undergo LGT frequently and have several
biochemically and genetically well-characterized mechanisms to spread their genes within
and across taxonomic boundaries: conjugation, transformation, transduction and gene transfer
agents [6].

However there are other potential sources of phylogenetic conflict between gene trees
and concatenated alignment trees. One of them is uncertain orthology or hidden praralogy.
For example, Rinke et al. [7] examined a tree of concatenated alignments comprising newly
characterized archaeal lineages, the concatenated result recovered the familiar three domains
tree, with eukaryotes branching as sisters to archaebacteria. Williams and Embley [§]
reinspected that data and found that the sequence collection procedure used by Rinke et al. [7]
had included several nuclear genes of mitochondrial and plastid origin among the eukaryotic
sequences; when those were removed and replaced by eukaryotic nuclear genes that had not
been acquired from mitochondria or plastids, the two-domain tree was obtained [8], in which
eukaryotes branch within the archaea [9]. Another source of conflict is phylogenetic error due
to unknown factors that are often subsumed into the term model misspecification. For
sequences from 10 plastid genomes, where neither paralogy nor orthologous replacement of
sequences via LGT are known to occur, the species tree was fully resolved by the
concatenation of 42 protein coding plastid gene families, but only 11 of the 42 gene trees
recovered the concatenated topology, the remainder supported different trees [4]. The reason

for the differing results are best explained by the circumstance that different proteins undergo
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amino acid substitution in different ways over evolutionary time, and according to different
processes, models for which can be approximated mathematically [10].

One of the more controversial applications of alignment concatenation concerns its use
to construct phylogenies for prokaryotes. At the center of the debate is the question whether
there is a meaningful phylogeny of prokaryotes or not [11] and if so, does it extend back to
the depths of evolutionary time [12], or does a tree only exist for the tips of prokaryotic trees
[13]. In genomes, there exists a set of about 33 genes that are universally conserved among
prokaryotes and that can readily be identified using standard ("manual") sequence comparison
procedures [14, 15]. The existence of that universal set has been confirmed using semi-
automated procedures [16]. Concatenation of those alignments produces a tree [14, 15, 16],
but individually, the proteins in question do not tend to support any particular branching
order, especially for the deeper branches or prokaryote phylogeny [17, 18].

Why do concatenation trees that are strongly supported, in terms of bootstrap
proportions, fail to be supported by the individual gene trees constructed from the same
underlying data? We reasoned that if LGT is the cause of conflict between individual gene
trees, then its effect should be greater in prokaryotic than in eukaryotic data sets of similar
sequence divergence, because LGT is far more prevalent among prokaryotes than it is among
eukaryotes [19]. If model misspecification is the cause, then prokaryotic and eukaryotic data
sets of similar sequence divergence should show similar levels of conflict. In prokaryote
genomes, analyses of more closely related prokaryotic sequences should uncover greater
congruence than for more distantly related prokaryotic sequences, because accurate
phylogenetic inference becomes more problematic as sequence divergence increases [9] and
because both LGT and sequence divergence accumulate over time [20]. In an effort to
discriminate these possible causes, we undertook investigations of real data analyzed as

individual and concatenated alignments.

Methods

Data

Proteome datasets were downloaded from RefSeq database [21]. These were: 1606

prokaryotic proteomes (v03.2012), 81 fungal proteomes (v03.2012), 86 animal proteomes
(v03.2013) and 22 plant proteomes (v03.2013).
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Gene families

Prokaryotic gene families were retrieved from the clusters of orthologous groups database
(COGs, [22]). To avoid bias of the sampling and ensure an even taxonomic representation of
the major taxonomic phyla of both prokaryotic domains, 50 archaeabacterial and 50
eubacterial genomes were chosen for further analysis. We avoided highly reduced genomes in
our sample and were thus able to identify 48 genes that were present in a sample of 100
prokaryotic genomes containing 50 bacteria and 50 archaea (Supp. File 1). Homologues gene
sequences of these 48 gene families were collected for two additional datasets, one containing
100 proteobacteria (Supp. File 2) and one containing 100 gammaproteobacteria (Supp. File
3). Additionally, a search was performed within all gammaproteobacteria species, yielding a
dataset comprising 100 gammaproteobacteria species (Supp. File 6) and 200 universal gene
families. For comparions between eukaryotic datasets and gammaproteobacteria data, this
dataset was pruned to 50 taxa (Supp. File 6) .

Two datasets were generated for the eukaryotic analysis: one comprising only fungal
species, and one containing plant, fungal and animal sequences. Universal protein families
were reconstructed by an initial search for similar proteins with BLAST [23]. BLAST hits
above 35% identity, an e-value <10'° and an alignment length > 75 were retained. Sequence
pairs with >30% global identity using the needle algorithm (EMBOSS-package, [24]) were
used as input for clustering with MCL [25]. Protein families were then sorted according to
their universality. The first 200 families were chosen for the fungal set (50 species, Supp. File
5), 79 universal protein families were retrieved from the mixed eukaryote set (50 species,
supp. File 4). A taxonomic flittering procedure was applied on both datasets to reduce
oversampling. To filter for possible paralogous sequences in all datasets, the subset of all
possible paralogs/orthologs that have the smallest reciprocal distance and that included all
species having multiple copies was chosen. Clusters in which the subset did not include all

species were not considered further.

Alignments and phylogenetic methods

Sequences were aligned with MAFFT (multiple alignment using fast Fourier transformation,
v6.832b) using the “grinsi” parameters [26]. Trees were constructed with RAXML v7.0.4
[27]. The substitution rate per site was estimated from a gamma distribution with four discrete

rate categories and the WAG substitution matrix [28]. The proportion of invariable sites was
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estimated from the data. Concatenated alignment trees were generated from the original
alignments for the different datasets. Alignments were weighted, so that they have similar
length within the concatenated alignment to avoid length bias towards longer alignments.
Phylogenetic trees from prokaryotic datasets were rooted 1) between archaea and bacteria, ii)
using epsilonbacteria as the outgroup for the proteobacterial dataset or iii) using Francisella
sp. as outgroup for the gammaproteobacteria. Phylogenetic trees from the eukaryotic datasets
were rooted between plants and fungi/animals or between ascomycetes and basidiomycetes in
the case of the fungi dataset. Full species names and additional taxonomic information are

given in supplemental tables 1-5.

Simulations

Simulated alignments were created using a modified DAWG [29] version that is able to
simulate evolution of amino acid sequences. The input tree was obtained from the weighted
concatenated alignment of the y-proteobacteria dataset, consisting of the 48 conserved genes.
Datasets with an alignment length of 200 and 1000 positions were simulated, using the
following DAWG parameters: Tree Scale=1, SubsModel=WAG, IndelModel=zipf, Indel
Param 1.6, 100, Indel Rate 0.0011. This specific indel rate was used to match the one

obtained for the alignments that originated the input tree.

Statistical analysis

All incompatible splits that were present in a given set of gene family trees were referred as
the split pool. Pairs of splits were classified as compatible, when they can occur
simultaneously in a binary tree, and classified as incompatible otherwise [30]. For each node
in the concatenation trees, the amount of identical nodes within gene family trees were
counted. This value is termed the node score. All three splits that are connected with a
respective node were considered for this. If all three splits for each node, were compatible
with the splits from the second node, both were accepted as similar. The topological distance
from the root to the tip of a tree was calculated as the average number of branches separating
a node from its descendant leafs. All statistical tests were performed using Matlab.
Correlation measurements were done using the Pearson’s linear correlation coefficient. To
test if the difference between node score values for different datasets is significant, we used

the MATLAB multcompare function (based on a one-way analysis of variance, alpha 0.05).
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Results

The disappearing tree phenomenon

Concordance between the branches in individual gene trees and their concatenated incarnation
is weak, as suggested by earlier studies [5, 31]. For the present data, this is shown in Figure 1,
using a dataset of 48 genes present in three samples of 100 prokaryotic genomes spanning
three phylogenetic depths: 50 archeabacteria and 50 eubacteria (Fig. 1a), 100 proteobacteria
(Fig. 1b), and 100 gammaproteobacteria (Fig. 1c). In each 100 genome, 48 gene sample, the
frequency of branches in 48 individual gene trees were compared to the set of branches in the
concatenation tree. For each internal node within the concatenation tree, the node score was
specified as the number of times that the corresponding node was observed among the 48
individual gene trees.

For the most divergent data set (Fig. 1a), deeper internal nodes of the concatenated
tree have almost no congruence with the nodes in single gene trees, except the branch
separating archaebacteria and eubacteria. At the tips of the tree, much greater congruence
between the individual genes and the concatenation tree is observed. Surprisingly, the same
"tree of tips" [13] or "disappearing tree" [31] phenomenon was observed for the
proteobacterial sample (Fig. 1b) and for the gammaproteobacterial sample (Fig. 1¢). For all
three samples of phylogenetic/taxonomic depth, congruence between the deeper internal
branches and branches recovered in individual trees disappears, yet the bootstrap proportions
(BP) for virtually all branches in the concatenation trees were very high: for all three
concatenation trees combined, only 15 internal branches had a BP below 80 (nodes marked
with a red dot in Fig.1) and the average BP was 90, 99, and 96 for Figla-c respectively.

For the deep prokaryote sample, there are mainly two areas of low BPs within the tree:
one within the euryarchaeota, and one spanning firmicutes, actinobacteria and tenericutes.
The corresponding node support values relative to individual trees are low as well. But it is
clearly visible that the rest of the internal branches have low node scores (congruence among
individual trees) and high bootstrap support (site pattern sampling in the concatenation tree).
The total number of splits present within the 48 single gene trees (split pool), is a simple
measure to reflect the observed incongruence within the concatenation tree. On the range

between total congruence with a split pool of 97 splits and total incongruence with 4,656
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possible splits, 1,830 different splits were observed for the set of 48 trees summarized in
Figure la. For trees in Figl b and c, 1,905 and 1,804 splits were observed, respectively. In
other words, each internal branch of the species tree generates more than 18 conflicting splits
on average. Especially for deeper phylogenetic relationships, the topology in the
concatenation tree is not present in any of the family gene trees, despite the corresponding

branches of the concatenation tree showing high BP values.

Influence of LGT — Comparing eukaryotic and prokaryotic data

The main effect of LGT on prokaryote genome evolution is to alter the number and kinds of
genes that are found in a prokaryotic genome, not to promote orthologous replacement [32].
Thus, if LGT is the main reason why the present set of prokaryotic "core" genes analyzed
individually tend to obtain different phylogenetic results, then this tendency should be more
pronounced in prokaryotes than in eukaryotes. This is because eukaryotes counteract Muller's
ratchet using meiosis and sex (process that generate reciprocal recombination), while
prokaryotes rely on mechanisms of LGT — transformation, conjugation and transduction —
processes that spread genes unidirectionally from donors to recipients. In order to see whether
the congruence between concatenation trees and individual phylogenies is greater in
prokaryotes or eukaryotes, we compared two additional datasets: one comprising of 50 fungal
genomes, and one comprising of 50 eukaryotes, spanning plants, animals and fungi (PAF).
Both datasets were composed of 50 genes with comparable length and different average
pairwise identities (61% in fungi, 49% in the mixed set).

The results, summarised in Figure 2 a and b, show that both eukaryotic concatenation
trees tend to have weaker node scores in the deeper branches than at the tips, like the
prokaryote concatenation trees, but the overall agreement between concatenation trees and
individual gene trees is far better for the eukaryotic data than for the prokaryotic data. As in
the prokaryotic example, the eukaryotic concatenation trees show high BPs, averaging 96 and
97, respectively. The PAF tree shows a clear correspondence between low bootstrap support
and low node score in the clade spanning the higher plants. But, as in the case of the
prokaryotic trees, sampling at increasing phylogenetic depth does not reduce the congruence
between individual gene trees and concatenated trees, as the average node score, 25%+14, for
the fungal data set (Fig. 2b) is slightly higher than the value for the plant-animal-fungi
dataset, 19%=11 (Fig. 2a)(P = 0.026). Out of possible 2,350 splits we observed 350 different
splits within the PAF dataset and 390 splits within the fungi dataset.
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Factors affecting node scores

We investigated different factors that might affect node scores, which are a proxy for the
tendency of individual trees to recover branches found in the concatenated tree. For this, we
plotted, for each node in the concatenation tree, the frequency with which it was recovered in
different data samples in order of increasing frequency (abscissas in Fig 3).

First we looked at phylogenetic depth (Fig 3a) because distantly related groups have
distantly related sequences, which are notoriously hard to align, and their phylogenetic
analysis can be further hampered by substitution levels that can approach saturation or
algorithmic biases such as long branch attraction. The prokaryotic datasets shown in Figure 1
were compared. All three samples — prokaryotes, proteobacteria, gammaproteobacteria —
encompass the same 48 genes, but because of their different phylogenetic depth, they span
diferent levels of sequence divergence, the average pairwise identity being 32%, 48% and
67% respectively. Perhaps surprisingly, there is no significant difference (P = 0.67, P = 0.40,
P = 0.70) between the node score distributions of the three samples (Fig3 A), despite the
samples spanning a twofold decrease in average pairwise sequence identity. Thus, for these
samples, phylogenetic depth is not a cause of low node scores.

In Fig 3b we plotted node score distributions for the eukaryotic data sets shown in
Fig. 2. The comparison of the plant-animal-fungi vs. the fungal samples also revealed no
significant difference, such that, like the prokaryotic samples, increasing sequence divergence
stemming from greater phylogenetic depth (52% average pairwise identity PAF vs 58%
fungi) had no detectable effect on node scores. To see if differences between prokaryote and
eukaryote samples could be detected, we constructed a gammaproteobacterial sample with the
same number of sequences and taxa (50) as the eukaryotic samples and consisting of genes
with similar lengths (avg. 441 gammaproteobacteria, avg 438 PAF, avg. 441 fungi) and
similar sequence conservation (avg. 58% for the gammaproteobacteria). Despite having very
similar sequence atttributes as the eukaryotic samples, the node score distribution for the 50-
genome gammaproteobacterial sample is strongly shifted towards lower values and is
significantly different from that for the eukaryotes (P = 0.0007 , P = 1.96 x 10~ ) (Fig. 3b).
This would be consistent with an effect of LGT in the gammaproteobacterial sample, but if
so, it remains puzzling why we do not see a decrease in the prokaryotic node score with
increasing phylogenetic depth (Fig. 1, Fig 3a). Notably here the two eukaryote sets show no

significant difference in their node score distribution (P = 0.2377).
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Figure 3¢ shows the node score distributions for gammaproteobacterial gene samples
of 50 genes each that were separated into categories of differing in sequence divergence
(average pairwise sequence identity 44%, 61% and 70% respectively). No significant
difference between the node score distributions was observed (P = 0.59, P = 0.86, P = 0.46).
This suggests that sequence divergence at similar phylogenetic depth is not a factor affecting
node score.

Another possible factor affecting generation of the same branches in individual and
concatenated analyses is sequence length, or small site sample size. To check this, we
assembled three more samples from the gammaproteobacterial data, each consisting of 50
genes for the same 100 species. The three samples consist of sequences with different average
sequence length (124aa, 305aa, 692aa). The distributions of the node scores for the individual
genes vs. the respective concatenation tree in two of the three samples are significantly
different (P =3.8 x 10, P =0.0172 ), with the longer sequences providing higher values than
the shorter sequences (Fig 3d).

To investigate this effect further, we assembled fungal and proteobacterial datasets
consisting of 200 genes each for 50 genomes and binned the individual alignments by their
sequence length. As a measure of tree similarity within each bin, we simply counted the
number of different splits observed for the five trees in each bin. In the case of five identical
topologies, we would observe 47 splits, in the case that no common branches were observed
across all five trees in a bin, we would observe 235 splits. The numbers of splits observed in
each bin are plotted against sequence length in Figure 4a. A very strong correlation is
observed both for the gammaproteobacterial (» = —0.87, P = 2.2 x 10™") and for the fungal
bins (r = —0.8, P = 3.0 x 10'°). The corresponding analysis for alignment length, rather than
sequence length, takes the influence of gaps into account, and very similar distributions to
those obtained for sequence length were obtained (suppl fig. 1: gammaproteobacterial sample
r=-0.78, P=2.7 x 10~°, fungal sample  =—0.73, P = 5.6 x 10""). Although these fungal and
gammaproteobacterial samples have comparable sequence lengths (in terms of having
comparable counterparts) and similar average pairwise identity distributions (fungi: 56%=5;
gamma: 59%=6), the fungal data tends much more strongly to recover the same tree than the
gammaproteobacterial sample does, this again might point to a greater role for LGT in the
gammaproteobacterial genes than in the fungal genes sampled.

Because bootstrapping provides information about the number of sites with similar
distributions of site patterns needed to obtain the same tree in every pseudosample [33], it is

perhaps not surprising that the average BP for each tree in the 200-gene
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gammaproteobacterial and fungal samples is strongly correlated with sequence length (Fig
4c). In the case of the gammaproteobacteria data (200 trees, all having the same 50 species),
there is a strong positive correlation between bootstrap support in a gene family tree and
sequence length (fig 3B, » = 0.76, P = 5.72 x 10%). A similar strong positive correlation
between BS and sequence length is observed in the fungi dataset (fig 3B, » = 0.73, P = 1.7 x
107*%). Other parameters do not show this strong correlation with BPs, or show no correlation
at all. The alignment length has a slightly lower correlation with BP, than sequence length
(gammaproteobacteria: » = 0.69, P = 2.23 x 10", fungi: » = 0.68, P = 1.06 x 10°* ). The
pairwise identity of genes within one gene family tree appears to correlate with BP
(gammaproteobacteria: » = —0.31, P = 4.81 x 10°, fun: r = -0.44, P = 3.5 10_”), but much
less strongly than sequence length. Moreover, sequence length and pairwise identity are
themselves only weakly or not correlated (fungi: » =-0.16, P = 0.017, gammaproteobacteria:

r=-0.03, P=0.598).

Simulations to investigate the influence of sequence length

To see if the sequence length effect is repeatable with perfect alignments, we simulated
alignments along a known evolutionary history. As an input for these alignments we used the
concatenation tree made of the 48 conserved genes from gammaproteobacteria (Fig. 1). Two
datasets consisting of 50 alignments were generated, one with an initial alignment length of
1,000 positions, one with 200 positions. The dataset based on 1,000-position long alignments
yield a nearly perfect distribution of splits. Nearly all of the 50 trees supporting the same
splits, meaning all the trees are almost identical. The 200-position dataset trees have twice the
amount of splits in their split pool than the longer ones (107 vs. 225 splits). To check whether
the alignment process itself makes a difference, two additional datasets were made by
recovering the sequences from the simulated alignment and aligning them using the same
procedure as for the biological sequences. Again, no effect was detected. Increasing the tree
length (sequence divergence) by a factor of three for the shorter 200 position alignments
increases the number of individual splits to 350, which is still much less than observed in real
data.

Comparing the distribution of incompatible splits between simulated data and real data
make the differences more obvious (Fig 5). In real data, in this case the gammaproteobacteria,
most of the observed splits appear only in one of the trees. This is true for data made from

short sequences as well as for long sequence data (Fig 5 A, B). Whereas in the long sequence
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data, the number of splits observed in single trees is strongly reduced. Within the simulated
data most of the splits are present in all trees (Fig 4 C, D). In the short simulated data, some

splits are only present in single trees.

Discussion

Reconstructing a single phylogenetic tree from a collection of individual genes by using
concatenated alignments has long been common practice in phylogenetic analyses. Although
concatenation is widely implemented, most investigations of its underlying properties are, like
the present study, empirical rather than theoretical in nature [34, 35, 36, 37, 38]. The result is
that observations and correlations can be gleaned regarding the behaviour of the data in
concatenation, but the responsible causalities remain obscure.

Concatenation entails the a priori assumption that the individual genes in question
evolved along a common phylogeny. This is often difficult to demonstrate for real data,
especially for data from prokaryotes [5]. Thus, inferences that are based on concatenation
trees assume — explicitly or implicitly — that the concatenated genes were not subject to
processes such as recombination, gene conversion, lateral gene transfer and the like, processes
that are not fundamentally tree-like in nature. Yet even when all genes follow the same
phylogeny, their trees might still differ owing to variety of aspects, such as evolutionary rates,
selective, structural and functional constrains, and the level of stochastic noise introduced by
neutral substitutions. Such evolutionary mechanisms can lead to model misspecification even
in the analysis of a single gene family. In the context of alignment concatenation, however,
the problem becomes acute, since no single model can subsume all genes simultaneously, and
model misspecification is more or less guaranteed. Some current methods of phylogenetic
inference can deal with such factors better than others [9].

The reliability of phylogenetic trees reconstructed from concatenated alignments can
be assessed from two opposing perspectives. Bootstrap analysis, which originally was
proposed as a methodology appropriate for single gene trees [33], can be applied to any
alignment-like data, such as the concatenated alignment of several genes. This approach
ignores the fact that different parts of the concatenated alignment originate from different
genes, and focuses on the robustness of the estimated topology given the totality of the
sequence data. An alternative approach views concatenated alignment trees as consensus-like,
and focuses on the congruence between such trees and the underlying gene trees [34, 35, 37].

In the presence of long alignments, bootstrap analysis typically assigns high support to almost
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every branch of the concatenation tree while comparison to the individual gene trees indicates
that congruence is observed only at the tips of the tree, and that deeper internal branches are
typically highly incongruent among gene trees and between gene trees and the concatenation
tree. The high bootstrap support observed here for concatenated alignments may be artificial,
resulting from the large sample size and possibly biased by signals generated by a few genes.
It is well-known that bootstrap and similar support values increase with the increasing number
of sites sampled [34] such that a high BPs for a concatenated phylogeny does not
simultaneously mean that the tree is thus likely to be correct [35, 37, 39]. For very large data
sets, phylogenetic results become increasingly dependent upon the model, rather than the
number of sites sampled [9, 34]. Congruence analysis, on the other hand, reveals the variety
of evolutionary signals in the underlying collection of genes, and thus provides a more
conservative interpretation of the phylogenomic signals, thereby informing data collation
strategies.

Galtier [36] showed higher levels of congruence for eukaryotic than for prokaryotic
data, similar to our present findings, and furthermore that in bacteria the congruence is
slightly positively correlated to the sequence length of the chosen genes, an effect that we
observed in a more pronounced manner in the present data. In a study encompassing 21
fungal species and 246 single copy genes [38], gene size was also shown to be a proxy for the
phylogenetic performance of individual genes, an effect detected in all gene samples
examined here. Although we suspect that LGT in prokaryotes might underlie the finding that
congruence between individual trees and the concatenation tree is higher for data from
eukaryotic genomes than it is for prokaryotic genomes, a causal relationship could not be

established for this effect.

Conclusions

In general, for the prokaryotic data we observe, like others before us [13, 17], a tree of
tips, where the terminal branches seem well supported but the deeper branches are not
recovered by any of the individual genes studied. Unexpectedly for us, this was observed
recurrently for three data sets spanning very different phylogenetic depths among prokaryotes,
almost in a fractal-like manner. The lack of congruence among individual genes for deeper
branches, which show high BPs in the concatenated analyses, we call the "disappearing tree"
effect. Its cause remains obscure, but it provides a source of many caveats when it comes to

attempting to infer evolutionary events from branches with high BPs in prokaryotic genome
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phylogenies. If an ancient evolutionary signal is real, for example the bacteria-archaea split
[40], then it should be supported by individual genes, which we observe in the present study.
Concatenation is an important aspect of modern phylogenomics and is not likely to go away
any time soon, it is therefore all the more important to understand the properties of

concatenation and its relationship to the individual underlying trees.
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Figure Legends:

Figure 1: Single gene tree support projected on three concatenated prokaruyotic trees of
different taxonomic depth levels. All trees based on the concatenation of 48 universal genes.
Nodes in concatenated trees were compared with nodes present in the underlying single gene

trees. Each node and their outgoing branches were colored according to presence of this node
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within single gene trees, from 0 to all 48 single gene trees. The trees include A) a prokaryotic
dataset including 100 archaebacteria and eubacteria, B) 100 proteobacteria, C) 100

gammaproteobacteria species. Exact species names are given in supplementary file 1-3.

Figure 2: Single gene tree support projected on two concatenated eukaryotic trees of
different taxonomic depth levels. All trees based on the concatenation of 50 universal genes,
respectively. Nodes in concatenated trees were compared with nodes present in the underlying
single gene trees. Each node and their outgoing branches were colored according to presence
of this node within single gene trees, from 0 to all 48 single gene trees. The trees include A)
50 fungi, plant and animal species, B) 50 fungi. Exact species names are given in

supplementary file 4-5.

Figure 3: Parameters influencing node score in concatenated trees and single gene trees.
Nodes from concatenated trees were plotted according to their support level compared to
single gene trees. All datasets based on 50 single gene trees, except in A), there are only 48
genes. A) Comparisons of the support level at different phylogenetic depths: prokaryotes,
proteobacteria, gammaproteobacteria. B) Comparison of the support level for two eukaryotic
and one prokaryotic dataset (all datasets, prokaryotic and eukaryotic, consists of 50 taxa),
where the underlying single gene trees have similar average sequence length: Eukaryotes
mixed: 438+96 aa, Fungi: 441+45 aa, gammaproteobacteria: 441+57aa C) Comparison of the
support level at different pairwise identity levels. Values are average percent identities in all
pairwise sequence comparisons. D) Comparison of the node score for different average

sequence lengths. Values are the average length of all protein sequences in each set.

Figure 4: Correlation between sequence length, tree incongruence and bootstrap
proportions. A) Number of different splits observed in bins of 5 trees is plotted against the
average sequence length. B) Average bootstrap proportions within one tree plotted against the
average sequence length. Both datasets, prokaryotic and eukaryotic, consists of 50 taxa. The
polynomial regression is indicated as a colored dotted line. The black dotted line indicate the

expected number of splits if all trees had identical topologies.

Figure 5: Splits distribution in single gene data sets for real and simulated data. For each
data set all splits within single gene trees were plotted according to their topological distance

to the tips of the tree and the number of trees where they are present. A) Dataset of 50 short
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gammaproteobacteria genes. B) Dataset of 50 long gammaproteobacteria genes. C) Simulated
dataset with initial sequence length of 200 positions. D) Simulated dataset with initial

sequence length of 1000 positions.

Supp Figl: Correlation between alignment length, tree incongruence and bootstrap
proportions. A) Number of different splits observed in bins of 5 trees is plotted against the
average alignment length. B) Average bootstrap proportions within one tree plotted against

the average alignment length. The polynomial regression is indicated as a dotted line.
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Beitrag von Thorsten Thiergart:

Ich habe die Analyse zur Bestimmung der Vorkommen von Eisen-Schwefel-Cluster
formenden Proteinen in Prokaryoten durchgefiihrt (Abbildung 5), welche die Grundlage fiir
Kapitel 7 im Manuskript bildet. Die Analyse der 48 universellen prokaryotischen Gene und
ihrer phylogenetischen Bidume (Abbildung 6) wurde von mir durchgefiihrt, teilweise mit
technischer Unterstiitzung von Dr. Giddy Landan. Diese Analyse war die Grundlage fiir

Kapitel 11.
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Early bioenergetic evolution

Filipa L. Sousa', Thorsten Thiergart', Giddy Landan?, Shijulal Nelson-Sathi',
Inés A. C. Pereira’, John F. Allen*?, Nick Lane®> and William F. Martin'
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London, UK

Life is the harnessing of chemical energy in such a way that the energy-
harnessing device makes a copy of itself. This paper outlines an energetically
feasible path from a particular inorganic setting for the origin of life to the first
free-living cells. The sources of energy available to early organic synthesis,
early evolving systems and early cells stand in the foreground, as do the pos-
sible mechanisms of their conversion into harnessable chemical energy for
synthetic reactions. With regard to the possible temporal sequence of events,
we focus on: (i) alkaline hydrothermal vents as the far-from-equilibrium set-
ting, (i) the Wood-Ljungdahl (acetyl-CoA) pathway as the route that could
have underpinned carbon assimilation for these processes, (iii) biochemical
divergence, within the naturally formed inorganic compartments at a hydro-
thermal mound, of geochemically confined replicating entities with a
complexity below that of free-living prokaryotes, and (iv) acetogenesis and
methanogenesis as the ancestral forms of carbon and energy metabolism in
the first free-living ancestors of the eubacteria and archaebacteria, respectively.
In terms of the main evolutionary transitions in early bioenergetic evolution,
we focus on: (i) thioester-dependent substrate-level phosphorylations, (ii) har-
nessing of naturally existing proton gradients at the vent—ocean interface via
the ATP synthase, (iii) harnessing of Na* gradients generated by H" /Na" anti-
porters, (iv) flavin-based bifurcation-dependent gradient generation, and
finally (v) quinone-based (and Q-cycle-dependent) proton gradient generation.
Of those five transitions, the first four are posited to have taken place at the
vent. Ultimately, all of these bioenergetic processes depend, even today,
upon CO, reduction with low-potential ferredoxin (Fd), generated either
chemosynthetically or photosynthetically, suggesting a reaction of the type
‘reduced iron — reduced carbon’ at the beginning of bioenergetic evolution.

1. Introduction

Life is a net exergonic chemical reaction, it releases energy to go forward. Many
settings have been proposed as the site for the chemical synthesis for life’s build-
ing blocks [1] and the ignition of the continuous chemical reaction that includes
us as its descendants. Such proposed settings include oceans or ponds of organic
soup stocked either by ultraviolet light-dependent organic synthesis [2] or by
organics delivered from space [3]; borate evaporites [4]; terrestrial zinc-rich
hydrothermal settings [5]; ice [6] or pumice [7]—to name but a few. However,
since their discovery, submarine hydrothermal vents stand out among the poss-
ible environments for life’s origin, holding particular promise for understanding
the transition from geochemistry to biochemistry [8—12]. Submarine hydrother-
mal vents harbour highly reactive chemical environments with far-from-
equilibrium conditions, being rich in gradients of redox, pH and temperature.
Furthermore, hydrothermal vents generate spontaneously, forming systems of
inorganic microcompartments [9,13] that, in an origin-of-life context, could
readily serve to concentrate the chemical reaction products and substrates that

© 2013 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/3.0/, which permits unrestricted use, provided the original
author and source are credited.
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form there, at their site of their synthesis. The far-from-equili-
brium condition is important because it harbours the potential
for exergonic chemical reactions [14]. Concentration is impor-
tant as a prerequisite for autocatalysis and for self-regulation,
defining characteristics of living systems [15].

2. Alkaline hydrothermal vents

A number of submarine hydrothermal vents have been studied.
They differ in the specific temperature and the chemical compo-
sitions of their effluent fluid [10,16]. Most are located at the
seafloor spreading zone, that is, directly above magma
chambers. As such, their effluent comes directly into contact
with magma and emerges at the vent—ocean interface with a
temperature often exceeding 300°C. Such ‘black smokers’ are
not only very hot, but they are also short-lived, lasting in the
order of decades. In contrast, off-ridge vents of the kind exem-
plified by Lost City [13,17] are situated several kilometres away
from the spreading zone; hence the water circulating through
them makes no contact with magma and emerges at a tempera-
ture of around 70-90°C. Unlike vent systems that reside directly
on the spreading zone, off-ridge vents can be stably active over
geological time; Lost City has been active for about 120 000
years [18]. The chemical disequilibrium at vents arises from
the contact between their reducing, Hy-containing effluent
with CO,-containing ocean water, which is more oxidized.
Hydrothermal vents harbour up to 50 mM H, [10]. At Lost
City, the H, concentration of the alkaline effluent (approx. pH
9-10) is about 10 mM [19].

Hydrogen is a reducing agent: an electron donor. Given a
suitable acceptor, of which there are many [20], hydrogen is a
source of energy. The H; in hydrothermal vents comes from a
geochemical process called serpentinization [21-25]. Serpenti-
nization takes place because most of the suboceanic crust
consists of iron—magnesium silicates like olivine, in which
the redox state of the iron is Fe*". Seawater penetrates the
ocean floor crust, reaching depths on the order of 3-5km
below the surface. There at high pressure and temperatures
of around 150°C, water oxidizes the Fe’" to Fe®*, the water
being reduced to H, with the oxygen in water being retained in
the rock as iron oxides. Bach ef al. [21] write the serpentiniza-
tion reaction as in equation (2.1) whereas Sleep et al. [22]
represent the main redox reaction as in equation (2.2).

Mg, gsFen1551,05(0OH), is serpentinite, the mineral from
which the process is named, and 4Fe;O, is magnetite, the mineral
containing the oxidized iron. During serpentinization, a cubic
metre of olivine eventually yields about 500 mol of H, [24].
The heated water convects back up to the ocean floor, carrying
H; and other reaction products with it. The production of H,
via serpentinization has probably been taking place since there

was liquid water on the Earth [22], and it continues today [ 2 |

because, relative to the amount of water on the Earth, the
amount of Fe?" in the crust is inexhaustible. The Mg(OH), in
equation (2.1) produces alkaline hydrothermal fluid in
agreement with the pH observed for Lost City effluent [17].

Lost City effluent also contains about 1 mM methane of
abiogenic origin [19,26], along with about 100 uM formate
of abiogenic origin [27] and traces of longer hydrocarbons
up to pentane [19]. This indicates that serpentinization in
the crust at Lost City reduces CO, to an organic product spec-
trum. The magma-hosted black smoker systems are less
conducive to organic synthesis in the crust, because, above
approximately 250°C, carbon in contact with water becomes
CO; [28,29], and magma has a temperature of around
1200°C. If Lost City harbours organic synthesis today, then
organic synthesis in similar serpentinizing systems should
also have been possible 4 billion years ago. While the compo-
sition of ocean water has changed since then [30], the
composition of the seafloor crust, where serpentinization
reactions take place, has remained roughly constant, as
indicated by the zircon compositions of Early (Hadean)
mantle-derived melts [31].

The chemical disequilibrium at off-ridge hydrothermal
vents on the early Earth was, in all likelihood, much greater
than that today. This is because there was much more CO,
in the atmosphere, perhaps up to 1000 times more [32,33],
meaning that there would have been much higher CO,
concentrations in the ocean. Hence when H, in the conve-
ctive currents of serpentinizing systems made contact with
marine CO, (stemming inter alia from volcanos) there was
disequilibrium and potential for organic synthesis.

How much potential do vents harbour for the synthesis
of what kind of organic products? Shock and co-workers
have studied the question of organic synthesis at hydrothermal
vents from the thermodynamic standpoint, and what they find
is encouraging from an origin-of-life perspective (reviewed in
[14]). They find that CO, reduction and organic synthesis is
thermodynamically favoured—exergonic—when reduced vent
fluid mixes with more oxidized ocean water at the vent—
ocean interface, and hence can take place under the conditions
presented by hydrothermal vents. This is true for the synthesis
of carboxylic acids, alcohols and ketones [28,29], amino acids
and proteins [34] and total microbial cell mass [35,36].

The nature and proportion of organic products that are
thermodynamically most favoured depend upon the specific
chemical conditions, for example, H, availability, tempera-
ture and the redox state of the environment [14,37,38].
Under the conditions found at Lost City, for example, the
overall synthesis of microbial cell mass from H,, CO, and
NHj; is exergonic in the temperature range 50-125°C [36].

2Mg1'8F604zsiO4 + 3H,0 — Mg2‘85F60_15Si205(OH)4 + Mg0‘75Fe0425 (OH)2

and

57Mg0_75F€0A25 (OH)Z —+ 308102(aq) — 15Mg2_85Fe0A1581205 (OH)4 + 23H20 + 4F€304 + 4H27

2Fe3Si;05(OH), + 6Mg(OH), — 2Mg,Si,05(OH), + 2Fe30, + 4H,0 + 2H,. (2.2)
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Figure 1. A scheme for the origin of cells [42,46].

Such findings are broadly consistent with the findings of
Thauer ef al. [39] that under conditions relevant for microbes,
in the reaction of H, with CO,, the equilibrium lies on the
side of reduced carbon compounds, which is why acetogens
can grow from the reaction

4H, + 2HCO; + H* — CH3COO™ + 2H,0 (2.3)

with AG®’ = —104.6 k] mol ! [39] and methanogens can grow
from the reaction

4H, + CO, — CHy4 + 2H,0 (24)

with AG®” = —131 kJ mol ! [40] as their sole source of energy,
respectively. They harness (conserve) chemical energy from
those reactions to push the life process forward. For a prokary-
ote, the main energetic cost in the life process is amino acid
and protein synthesis, which consumes about 75 per cent of
the cell’s ATP budget, with RNA monomer and polymer
synthesis consuming only about 12 per cent [41].

Because hydrothermal vents present conditions where the
synthesis of proteins from H,, CO, and NH; would be an
exergonic process [14,34], they truly appear to be special
among the various settings that have been considered for
the origin of life. Hydrothermal vents are particularly rich
in chemical and thermodynamic similarities to the core
energy releasing reactions of modern acetogens and methano-
gens [42,43], lineages that over 40 years ago—before the
discovery of either hydrothermal vents or archaebacteria—
were proposed to be the most ancient microbes, because
they are anaerobic chemoautotrophs that live from the
H,-CO; redox couple [44].

The far-from-equilibrium conditions and favourable thermo-
dynamic setting of hydrothermal vents do not indicate which
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chemical syntheses will occur, merely which are energetically
possible [14]. The nature of catalysts present can also influence
the kinds of products that are formed [45], depending on
whether the reaction is thermodynamically controlled (the
most stable products accumulate) or kinetically controlled (the
most rapidly synthesized products accumulate). Here, we revisit
a model for the origin of life (figure 1) as set forth previously in
these pages while incorporating newer findings.

3. Getting from rocks and water to cells

One can assume that off-ridge vents such as Lost City were
more prevalent on the early Earth than today [11,22,23]. But
the chemistry at a Hadean vent—ocean interface would have
been slightly different, with abundant Fe*" [30] and far more
CO; [32,33] in the ocean. Given that, and given the presence
of sufficient sulfide in the hydrothermal fluid to steadily pre-
cipitate transition metal sulfides (FeS, NiS and the like) upon
mixing of effluent and ocean water at the vent interface [9],
the model posits that hydrothermal flux deposited a mound
at the vent, consisting crucially of transition metal sulfides,
among other possible minerals. The premise that a Hadean
mound could have existed is underpinned by the report of
fossilized metal sulfide hydrothermal mounds 360 Myr of
age—the rocks that gave rise to this model in the first place
[47]—found in Tynach, Ireland by Russell and co-workers
[48]. These mounds reveal elaborate systems of naturally form-
ing, inorganically walled microcompartments (on the order of
1 pm-1 mm in diameter). The walls of these compartments
unite two very important properties for early chemical
evolution: catalysis and compartmentation.
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The catalysis was provided by the transition metals and
transition metal sulfides themselves of the hydrothermal
mound. That is, the microcompartments have inorganic
walls made of essentially the same catalysts that are com-
monly found in redox-active enzymes of modern microbes
[9,49-51] and commonly used in organometallic catalysis in
the chemical industry [52,53]. This is an important similarity
to modern anaerobic autotrophs, whose enzymes of core
carbon and energy pathways are replete with FeS, FeNiS
and MoS (WS) centres, FeS and NiS usually being incorpor-
ated into proteins via cysteine residues [54—-58], Mo and W
usually being complexed by thiols of the molybdopterin
cofactor MoCo [59]. Importantly, such FeS and FeNiS centres
are particularly common in Hy-oxidizing and CO,-reducing pro-
teins of anaerobic prokaryotes [60]. Because the nature of the
catalysts at the interface of gases (Hp, CO,, Ny, HsS, SO,) and
organic matter that (i) we posit to be present at the mound and
(ii) occur in acetogens and methanogens is very similar, some
congruence between the kinds of products obtained in the two
systems is not an unreasonable proposition [45].

Interfacing with the CO,rich seawater at the vent was
highly reduced, H,-containing, vent effluent that probably
contained some reduced carbon compounds itself, as Lost
City does today [19,26,27], stemming from serpentinization
reactions deep within the crust. How reducing might the
effluent in an ancient serpentinizing system have been? A
clue is provided by the mineral awaruite (NizFe), an alloy
of metallic iron and nickel, Fe*? and Ni*?, that is quite com-
monly found in serpentinizing systems and that is produced
from Fe?* and Ni?>* minerals via reduction to the raw metals
in situ by H, [25,61]. Awaruite forms only when sulfide con-
centrations are very low, but that is not the point, nor is the
point that Fe*? readily reduces CO, to acetate and formate
under hydrothermal conditions [62]. The point is that in the
temperature range 150-300°C, activities of H, exceeding
200 mM are needed for awaruite to form [25]. To stress the
point, 200 mM H,, represents a very large amount of hydrogen
and a very reducing environment. The presence of awaruite in
serpentinizing systems thus clearly indicates that at some point
during their lifespan, serpentinizing systems regularly gener-
ate extremely reducing conditions on the order of greater
than or equal to 200 mM H,, which would be conducive
to organic synthesis, as Klein & Bach [25] point out. So while
conditions at a Hadean-serpentinizing system cannot be pin-
pointed, we can say that serpentinizing systems do, in
principle, have the reducing power at hand that would be
needed for making organic compounds out of CO, (or even
elemental iron and nickel out of their salts).

For the building blocks of life to form, nitrogen is also
essential. Where does reduced nitrogen come from? Some
modern vent systems contain up to 1 mM NHj [10], although
it is not known that serpentinization is responsible for N,
reduction. However, simulated hydrothermal conditions of
300°C and high pressure readily convert nitrite into NHj
[63], and under very mild conditions, FeS minerals can
reduce N, to NHj at yields approaching 0.1 per cent [64],
whereby native Fe*° is also an effective catalyst of N,
reduction under hydrothermal conditions [65], recalling
once again awaruite as an indicator of serpentinization [25].
So it should be safe to assume that reduced nitrogen would
have been available in a Hadean-serpentinizing hydrother-
mal system. Phosphate is more soluble at pH 6 than at pH
8 and was not likely to have been globally abundant in the

early oceans [11,30], although there was surely considerable
local phosphate input from volcanos [66,67]. Phosphate was
possibly concentrated at hydrothermal vents, however, via the
mineral brucite—Mg(OH),—driven precipitation processes
that Holm ef al. [68] suggest to have involved sepentinization.

The foregoing would provide a mixture of Hp, CO, and NHj;
similar to that assumed by Amend et al. [14] for synthesis of
chemical constituents of cells, in an environment laden with tran-
sition metal catalysts, with abundant hydrothermal HS™. That is
astarting point for the synthesis of compounds with high-energy
bonds. Under mild laboratory conditions, Heinen & Lauwers
[69] reduced CO, to a spectrum of sulfur containing organic
products, including methylsulfide (CH;SH), using FeS as the
catalyst, and Huber & Wachtershauser [70] reacted CH;SH
and CO under mild conditions (ambient pressure, 100°C),
using FeS, NiS or Ni** as catalysts, obtaining up to 40 mol%
of the thioester methylthioacetate (or acetyl methylsufide,
CH3;COSCH3). Thioesters are energy-rich compounds because
the thioester bond has a large free energy of hydrolysis,
AG” = =32k mol ! [71]. Starting from such simple chemicals,
a high spontaneous yield of a compound with an energy-
rich thioester bond might seem surprising, but the result is
expected from thermodynamics because even to the level of
the energy-rich thioester, the reaction

2CO, + 4H; + CoASH — CH3COSCoA + 3H,0O (3.1)

is highly exergonic with AG” = —59 k] mol " [72], whereby the
pathway becomes endergonic at low H, partial pressures, with
AG” = +29 k] mol ! at approximately 10 Pa H, [73]. Equation
(3.1) entails the thiol group of coenzyme A (CoASH) rather than
CH;SH, and it is the line reaction of the acetyl-CoA or Wood -
Ljungdahl [74,75] pathway of microbial CO, fixation. Such
favourable energetics led Shock et al. [29, p. 73] to conclude
that organisms using the acetyl-CoA pathway (acetogens,
methanogens and many sulfate reducers) get ‘a free lunch that
they are paid to eat’. Provided that transition metals in a hydro-
thermal vent could catalyse similar reactions as in the laboratory
[51], then one would have, in principle, a route for sustained
geochemical synthesis of acetyl thioesters (among many other
products). That would constitute a critical / crucial link between
geochemistry and biochemistry, because acetyl thioesters
(acetyl-CoA) are the most central compounds in all of metab-
olism, as biochemical pathway maps will attest; and apart
from the Calvin cycle, which is obviously a late evolutionary
invention [76], acetyl-CoA is the direct product of all known
CO;, fixation pathways [73]. The centrality of acetyl thioesters
in modern metabolism is, we contend, a relic of their role in
the chemical events that gave rise to metabolism.

Acetyl thioesters are furthermore the most probable entry
point of phosphate into metabolism [42,77,78]. In a plethora
of microbes, acetyl-CoA is enzymatically cleaved via phos-
phorolysis to yield acetyl phosphate [79,80], which, with its
high free energy of hydrolysis (AG”) of —43 k] mol !, can
phosphorylate any number of substrates, including ADP to
generate ATP, with a free energy of hydrolysis (AG”) of
—31kJ mol*. Weber [81] reported the non-enzymatic syn-
thesis of acyl phosphates from a thioester in the presence of
phosphate during the synthesis of pyrophosphate from
thioesters, although the acyl phosphate itself was not iso-
lated. A high free energy of hydrolysis of the acyl
phosphate bond and simple phosphorylytic synthesis from
thoiesters make acyl phosphates good candidates for the
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first universal currency of high-energy bonds [42], the
precursors of ATP.

4. Antiquity of the acetyl-CoA pathway

Provided there was a sustained geochemical source of chemi-
cally accessible methyl groups (e.g. methyl sufide), the first
reactions relevant to the origin of carbon and energy metab-
olism might have been very similar to those catalysed by the
bifunctional enzyme carbon monoxide dehydrogenase/
acetyl-CoA synthase (CODH/ACS; figure 2b). The catalysis
in CODH/ACS is performed by transition metals (Fe and
Ni) coordinated as sulfide clusters [50,56,73]. In the enzy-
matic mechanism [56], electrons from a low-potential Fd are
used by the enzyme to reduce one molecule of CO, to CO
at an FeNiS cluster called the C cluster; that CO migrates to
a second FeNiS cluster in the enzyme (the A cluster), where
it binds one of two Ni atoms at the Ni, site to form a Ni-
bound carbonyl group, where the two-electron donating
property of Ni is important in the catalytic mechanism [56].
A methyl group, donated by the corrinoid iron-sulfur
protein CoFeSP, binds the same Ni atom [56] in an unusual
metal-to-metal methyl transfer reaction [88], and the carbonyl
group inserts the Ni-CHj; bond to generate a Ni-bound
acetyl group, which is then removed from the enzyme via
thiolysis by CoASH to generate the thioester. Given the
methyl group, this route of thioester synthesis involves only
metals as catalysts and electron donors, no phosphate is
involved, and given CO, the reaction works in vitro, without
enzymes, using either Fe*" or Ni*" as catalysts [70].

CODH/ACS thus has hallmarks of a very ancient reac-
tion, one that could well have proceeded readily before the
advent of genes and enzymes. Across the divide that separ-
ates acetogens and methanogens, this primordial chemistry
at CODH/ACS is homologous and conserved, as is the
CoFeS protein [83], but the synthesis of the methyl group is
fundamentally different [73], involving distinct, unrelated
enzymes and different cofactors—tetrahydrofolate (H4F)
and tetrahydromethanopterin (HyMPT)—both of which are,
however, pterins (figure 2d), and chemically more similar
than the different names suggest [85].

In acetogens, methyl synthesis entails reduction of CO,
to formate via an NAD(P)H-dependent formate dehydrogenase,
an ATP-consuming step at the 10-formyl-HyF synthetase reac-
tion, water elimination via 5,10-methenyl-H4F cyclohydrolase,
reduction with NADH by 5,10-methylene-H,F dehydrogenase,
and Fd-dependent reduction via 5,10-methylene-H4F reduc-
tase to yield 5-methyl-H F which donates the methyl group
to corrinoid iron—sulfur protein (CoFeSP) [73]. Of energetic
consequence, the formation of the formyl pterin formyl-H,F
is endergonic, requiring ATP hydrolysis, while the 5,10-methyl-
ene-H,F reductase step is highly exergonic (-57 kJ mol Y [73]
and is suspected to be a site of energy conservation in some
acetogen species [89].

In methanogens, the synthesis of the methyl group involves
different enzymes and to some extent different cofactors
[83]. The first step is the formation of the carbamate formyl-
methanofuran (formyl-MF) from CO, and the primary amine
of methanofuran. Notably, this reaction is spontaneous, requir-
ing only the cofactor and the substrate, with no help from
enzymes [90]. Fd-dependent formyl-MF dehydrogenase and
a formyl tranferase yield the formyl pterin formyl-H,MPT.

A cyclohydrolase, Fjyp-dependent 5,10-methylene-H,MPT
dehydrogenase and FyoH>-dependent 5,10-methylene-
H4MPT reductase yield methyl-HMPT which donates the
methyl group to CoFeSP in carbon metabolism, involving
CODH/ACS. In energy metabolism, methyl-H;MPT donates
its methyl group to coenzyme-M (CoM).

Thus, the reactions at CODH/ACS are catalysed by hom-
ologous enzymes, and the methyl-carrying corrinoid protein
CoFeSP is homologous in acetogens and methanogens. But in
the methyl synthesis branch of the two groups, the only hom-
ologous enzymes are at the CO,-reduction step. The MoCo-
binding subunits of Mo-dependent formyl-methanofuran
dehydrogenase, FmdB, and of the W-dependent enzyme,
FwdB, in methanogens are related to formate dehydrogenase
in acetogens [91], which also exist as Mo- or W-dependent
enzymes [92]. The other enzymes are not related, use differ-
ent cofactors, and in some cases catalyse different reactions.
Thus, while it is generally agreed that the acetyl-CoA
pathway is the most ancient among modern CO,-fixing path-
ways, the methyl synthesis branches of the Wood-Ljungdahl
pathway in acetogens and methanogens are unrelated, even
though the methyl groups serve a homologous function at
a homologous enzyme, CODH/ACS, en route to thioester
synthesis. This suggests three things: (i) the gene for
CODH/ACS was present and functioning in their non-
free-living common ancestor, (ii) the genes and proteins for
the methyl synthesis pathways of acetogens and methano-
gens arose independently and subsequently to divergence
between the archaebacterial and eubacterial stem lineages
within the hydrothermal mound, and (iii) that a continuous
and abundant supply of accessible methyl groups stemming
from geochemical processes—either serpentinization or geo-
chemical redox processes occurring directly at the vent—
ocean interface [43]—served as the source of biochemical
methyl moieties prior to the advent of the genes and proteins
that underpin the methyl synthesis branch of the Wood-
Ljungdahl pathway in acetogens and methanogens. This is
another way of saying that when the enzymes of methyl syn-
thesis arose, they did not invent methyl synthesis, they just
helped chemical reactions that tended to occur anyway, to
occur more rapidly.

In this view, the thermodynamically favoured reaction of H,
and CO, to methyl groups and methane, similar to that
observed in the laboratory [93] or at Lost City [19], was taking
place spontaneously (figure 24), and the genes and proteins
(figure 2b) just helped speed it along and add specificity to a
highly selectable function (accelerated self-synthesis, given the
necessity of methyl groups for self-synthesis). However, those
genes arose in independent stem lineages, from which it follows
that methyl groups, whether formed by serpentinization or in
the walls of the mound, were abundant at the mound over
geological periods of time.

If the reader will grant us, for the purpose of argument, a
sustained source of acetyl thioesters at a hydrothermal vent set-
ting, the spontaneous and continued accumulation of organic
compounds, including peptides, would be thermodynamically
possible. A reaction of this type is what Morowitz [45,94] has,
rightly, always demanded. Thioesters could lead to some
simple carbon chemistry as outlined in fig. 6 of Fuchs [73],
some transition metal catalysed reductive aminations of 2-
oxo acids as outlined by Huber & Wachtershauser [95], and
some peptide synthesis aided by transition metals and
simple reactive compounds such as carbonyl sulfide [96,97].
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Figure 2. (Caption opposite.)

Keeping in mind that the pyruvate-synthesizing enzyme of
acetogens and methanogens, pyruvate synthase, is replete
with FeS centres and uses acetyl-CoA, reduced Fd (Fdyeq)
and CO, as substrates [60], and also that reducing conditions

of hydrothermal vents make energetics work in favour of
amino acid and peptide synthesis [14], an alkaline hydrother-
mal vent would, in principle, be working in the right
direction thermodynamically, because cells consist mainly
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Figure 2. (Opposite.) lllustration of some concepts relevant to this paper. (a) Abiotic methane production. Summary representation of the H,-dependent conversions
of (0, to methane without catalysts, adapted from [82]. Numbers next to arrows indicate the approximate change in free energy, AG®’, for the step indicated at
physiological conditions (25°C and pH 7) in ki mol ™", conditions which do not generally exist in geochemical environments. Note, however, that Lost City does
produce methane of abiotic origin [20]. The thermodynamic values are taken from Maden [83] and Rother & Metcalf [84]. Regarding the equilibria between the
different C; species in the absence of catalysts, see Seewald et al. [82]. (b) Scheme suggesting homology between the acetyl-CoA pathway in modern acetogens and
methanogens to geochemical processes in the hydrothermal vent of a serpentinizing system in the crust of the ancient Earth. See text. Numbers next to arrows
indicate the approximate change in free energy, AG/, for the step indicated at physiological conditions (25°C and pH 7) in kJ mol ™" as reported in [73]. An asterisk
indicates ATP investment, a double asterisk indicates ATP return. Note that net ATP return in acetogens and methanogens requires chemisosmotic coupling. FeS and
FeNiS clusters are symbolized. Fuchs [73] gives the free energy change for the CODH/ACS reaction as AG® = 0 kJ mol™". The thermodynamic value for the
methane-producing step is from [85]. H,F, tetrahydrofolate; MF, methanofuran; H,MPT, tetrahydromethanopterin; Ni(E), an Fe—Ni—S cluster in CODH/ACS;
HSCoA, coenzyme A. For the acetyl-CoA pathway, see also Bender et al. [60], Ragsdale [56] and Fuchs [73]. The formate to formyl-H,F conversion in acetogens
entails ATP hydrolysis (not shown), which lowers AG>’ for the reaction to —10 k) mol~". Though all reactions shown are reversible, arrows are shown in one
direction only for convenience. () The source of carbon and nitrogen atoms in the purine and pyrimidine backbone. Data from Stryer [86] and from Ownby

et al. [87]. (d) Pterin cofactors involved in the WL-pathway: MoCo [59] folate and methanopterin [85].

(approx. 60% dry weight) of protein and to a lesser extent
(approx. 25% dry weight) of nucleic acids.

5. RNA and the code arose, but that is not
our focus

Our focus here is not the primordial synthesis of bases, nor how
bases or nucleosides might react with one another, nor what an
RNA world might have looked similar in detail, nor the origin
of the genetic code. We are interested in the chemical environ-
ment and the energetic processes that might have made those
important evolutionary steps possible, as exergonic reactions
or, more likely, as side products of a central exergonic reaction
involving H,-CO, disequilibrium (similar to the case in
modern microbial metabolism). Three points can be noted.

First, DNA is synthesized from RNA in metabolism,
which has long served as an argument that RNA came
before DNA in evolution. By the same reasoning, we infer
that amino acids came before RNA in evolution, because in
metabolism RNA bases are synthesized from amino acids:
glycine, aspartate, glutamine, CO, and some C; units in the
case of purines; aspartate, ammonia and CO, via carbamoyl
phosphate in the case of pyrimidines (figure 2c). Amino
acids are thermodynamically favoured over nucleotides and
thus more likely to accumulate in larger amounts in a hydro-
thermal setting anyway [35,36]; similarly in metabolism,
some might spill over into RNA-like bases. If an RNA
world-like system arose in the same environment where the
acetyl-CoA pathway arose—a logical consequence of the
idea that the acetyl-CoA pathway is the most ancient path-
way of carbon fixation [73]—then the RNA world arose in a
chemical environment that was very rich in CO,, reactive
C; moieties and reactive methyl groups. Two of the five
carbon atoms in the purine backbone come from reactive C;
moieties: 10-formyl-Hy4F or formyl phosphate [87], and one
of the five comes from CO,, while one of the four carbon
atoms of the pyrimidine backbone comes from CO, via
carbamoylphosphate synthase reaction (figure 2c).

This might be a biosynthetic fossil, an imprint of the
chemical environment in which the genes arose that catalysed
the first, genetically specified, enzymatic base biosynthesis.
That is, the substrates of the enzymes that catalyse base syn-
thesis were probably in existence before the origin of those
genes, and the four carbon atoms that stem from CO, or
formyl moieties in all modern purine and pyrimidine bases
(figure 2c) might be relics of life’s autotrophic origin. There

are limits as to how far one can go with such reasoning,
but it is something to consider.

Second, the RNA world as it is currently construed in the
laboratory, operates with pure mixtures of usually four bases
[98]. But, in the beginning there is just no way that base syn-
thesis could have been highly specific. Any RNA world that
might have really existed must have consisted of an ill-
defined mixture of bases synthesized spontaneously without
the help of either genes or pure chemicals. The chemical
environment central to our considerations here is replete
with reactive C; moieties and methyl groups (on their way
to becoming methane, acetyl groups and acetate); modern
ribosome—tRNA interactions at the heart of the genetic
code require myriad base modifications in tRNA and rRNA
[99], the vast majority of which are methylations [100]. This
possible significance of tRNA modifications [101] becomes
all the more evident when those common to all prokaryotes
that allow the code to function at the wobble base [102] are
considered. Or, we can just look at the nature of the chemical
modifications that are present in the 28 modified bases
common to archaebacteria and eubacteria [100]. They include
19 methyl-, one acetyl-, five thio-, two methylthio-, one
seleno-, two methylaminomethyl- and four carbamoyl-moi-
eties [103]. Those modifications might be a chemical
imprint—a molecular fossil—of the environment in which
tRNA-rRNA interactions (genes and proteins) arose that is
preserved in the chemical structure of modified tRNA and
rRNA bases. Assuming that any RNA world-like reaction
nexus ever really existed in early evolution (a reasonable pre-
mise), it would by necessity have consisted of spontaneously
and unspecifically synthesized mixtures of bases. The substan-
tial number of enzymes that life forms have carried around for
almost 4 billion years to perform these cumbersome and
specific modifications, suggests that the modifications are
essential, otherwise they would have been discarded. That
those enzymes recreate the ancestral state of the RNA world
is something to consider.

Third and finally, there is a rather severe and very general
problem for all theories on the origin of life. Namely, before
there was any kind of genetic feedback via replicating mol-
ecules, whether self-replicating or replicated by auxiliary
catalysts, we currently have no option but to accept the prem-
ise that some replicating chemical entity, catalytic and able to
specify synthesis of self, arose spontaneously, which is
theoretically possible in the context of autocatalytic networks
[104-106]. Morowitz has observed that the chemistry of life
is deterministic in many ways, but that does not mean that
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its emergence is inevitable, because a number of contingent
factors, such as the nature of catalysts present, are involved

The origin of life is a deterministic event, the result of the oper-

ation of the laws of nature of a physical chemical system of a

certain type. This system evolves in time, is governed by physical

principles and eventually gives rise to living forms. The details
need not be totally deterministic in every respect, but the overall

behaviour follows in a particular way. [94, p. 3]

In a world of gene and proteins, evolution via variation and
selection can readily supplant chemical determinism. But
until we get to things that evolve via variation and selection,
all we have are spontaneous reactions under thermodynamic
and kinetic control. In this way, thermodynamics is very
much chemistry’s deterministic version of natural selection
[107]. Getting from rocks and water to genuinely evolving
systems remains a big problem. But energetics and thermo-
dynamics can help a lot, because they place rather narrow
contraints on which paths chemistry can traverse en route
in evolving systems that ultimately spawn free-living cells.

That bottom-up perspective has a top-down corollary
[108]. If we search among modern microbes and their metab-
olism for ancient physiological phenotypes, the acetogens
and methanogens stand out [44,109]. These obtain their
energy from making organic compounds out of CO,. In
fact, they are often diazotrophic and as such they just live
from gases: CO,, CO, Hp, N, and H,S. At the level of overall
chemical similarity, core carbon and energy metabolism in
methanogens and acetogens has quite a lot in common
with geochemical processes at alkaline hydrothermal vents
[43], and that is probably not coincidence.

Again, we have little to contribute to the nature of an RNA-
like world [98], other than the insights that it probably arose in
the same environment where the acetyl-CoA pathway did, a
setting full of amino acids, reactive C; moieties and CO,, and
that molecular fossils of that environment might be preserved
in RNA base modifications today. Nor do we have anything
to contribute to the origin of the genetic code and translation,
other than agreeing with our colleagues that it is a very signifi-
cant and difficult problem [110-112], that it did occur, that the
code increased in complexity during evolution [113,114], that
the simplicity of the code in methanogens is intriguing [115]
and that the origin of the code could have occurred at alkaline
hydrothermal vents [116], supported by a continuous flux of
harnessable carbon and harnessable energy.

(a) Chemiosmotic coupling

It should be explicitly stated that, for the purposes of this
paper, we are assuming that the origin of genes and proteins
could have been fuelled with acyl phosphates (acetyl phos-
phate) as the central currency of ‘high-energy bonds’, that
these were generated by substrate-level phosphorylation via
reactions as outlined earlier (figure 2b), and that this requires
a steady input of spontaneously synthesized methyl groups
of geochemical origin [109], either from serpentinization or
from redox processes at the vent—ocean interface [43]. The
standard free energy of hydrolysis (AG™) of acetyl phosphate
is —43 k] mol !, meaning it can phosphorylate ADP to ATP
(AG” -31KJmol™}), and by the same token it can drive
phosphorylations in intermediary metabolism as well as
ATP does. However, the actual AG” provided by a reaction
depends on the level of disequilibrium between rates of for-
mation and breakdown—specifically the steady-state ratio

of acetyl thioesters to acetyl phosphate to acetate, which
is ultimately driven far from equilibrium by the chemical
disequilibrium generated by serpentinization.

Once increasing chemical complexity transforms into
conventional evolution of genetically encoded proteins, the
invention of new functions potentially becomes a very fast pro-
cess. The jump we just took, to genes and proteins, is a big one,
but all models for the origin of life entail such a step, and ours
does too. Recalling that its mechanisms are, as stated earlier,
not our focus, we proceed. At some early point, the advent of
ATP as the universal energy currency was an important step
in bioenergetic evolution, displacing (we posit) acetyl phos-
phate. However, while ATP is universal across lineages, it is
not the sole energy currency within the metabolism of individ-
ual cells by any means [80]. This is an interesting and possibly
significant point, suggesting that much went on in early bio-
chemistry before ATP became a common currency. The
simplest explanation for ATP’s rise to prominence is that it
was a consequence of the substrate specificity of the rotor—
stator-type ATPase, a protein that is as universal among cells
as the code, and that is unquestionably an invention of the
world of genes and proteins [42]. Given genes and proteins,
the origin of molecular machines such as the ATPase is an
admittedly impressive, but not conceptually challenging, evo-
lutionary step; it is a far less problematic increment than the
hurdles that had to be surmounted at the origin of the ribosome
and the code [110,117].

In an alkaline hydrothermal environment, the ATPase
has immediate beneficial function. The naturally preexisting
proton gradient [9] at the interface of approximately pH
10 alkaline effluent (alkaline from serpentinization) with
approximately pH 6 ocean water (slightly acidic by virtue of
high CO, content) provides a geochemically generated chemios-
motic potential that ‘just’ needs to be tapped, that is, converted
into chemically harnessable energy in the form of high-energy
bonds, exactly what rotor—stator-type ATPases do. That
would have put a very high-energy charge on the contents of
the inorganic compartments within which we presume that
this was all taking place, accelerating biochemical innovations,
energetically financing gene inventions, and the selective
pressure on evolving proteins to adapt to a new energy currency
is evident. ATP-binding domains are so prevalent in genomes
[118], not because ATP is a constituent of RNA, but because it
became the most popular energy currency. The ATPase trans-
duced a geochemically generated ion gradient into usable
chemical energy, and since the energy was free, the means to
harness it as ATP ‘just’ required a suitable protein for the job, a
complicated protein [119], but a protein.

One might object that the multi-subunit rotor—stator-type
ATPase is too complicated as a starting point, and that it is
hence preferable to assume that some simpler form of energy
transducing protein, for example, a pyrophosphatase, pre-
ceeded it [120]. But the observation from modern microbes to
be accounted for, in the evolutionary sense, is that all pro-
karyotes harbour the rotor—stator-type ATPase. Similar to a
handful of only 30 or so other proteins, it is as universal as
the ribosome; hence it was probably present in the common
ancestor of all cells, which in this model was not free-living
but rather was confined to the system of inorganically
formed compartments within which it arose. Consistent with
that, prokaryotic ATPases show a clear dichotomy into two
types: the eubacterial (or F-type) ATPase and the archaebacter-
ial (or A-type) ATPase [121]. That dichotomy is also mirrored
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by a number of other cellular, molecular and gene homology
attributes, indicating that the deepest, most ancient split in
the prokaryotic world is that separating eubacteria from
archaebacteria [111,116,122].

That suggests that the last universal common ancestor
(LUCA), which we posit to be a geochemically confined
ancestor (figure 1), possessed among other things genes, pro-
teins, the code, along with biosynthetic pathways for amino
acids, bases and cofactors to support functional ribosomes
and an ATPase that could tap the naturally chemiosmotic
gradient at the vent—ocean interface. But it was far short of
being a free-living cell. Many attributes of archaebacteria
and eubacteria are so fundamentally different that, for lack
of similar chemical intermediates in the pathway or for lack
of subunit composition or sequence similarity, independent
origin of the genes underlying those differences is the
simplest explanation. Such differences include: (i) their mem-
brane lipids (isoprene ethers versus fatty acid esters) [123],
(ii) their cell walls (peptidoglycan versus S-layer) [124],
(iii) their DNA maintenance machineries [116,125], (iv) the
31 ribosomal proteins that are present in archaebacteria but
missing in eubacteria [126,127] (v) small nucleolar RNAs
(homologues found in archaebacteria but not eubacteria)
[128], (vi) archaebacterial versus eubacterial-type flagellae
[129], (vii) their pathways for haem biosynthesis [130,131],
(viii) eubacterial- versus archaebacterial-specific steps in
the shikimate pathway [132,133], (ix) a eubacterial-type
methylerythrol phosphate isoprene pathway versus an
archaebacterial-type mevanolate isoprene pathway [134],
(x) a eubacterial-type fructose-1,6-bisphosphate aldolase and
bisphosphatase system versus the archaebacterial bifunctional
aldolase-bisphosphatase [135], (xi) the typical eubacterial
Embden—Meyerhoff (EM) and Entner—Doudoroff (ED) path-
ways of central carbohydrate metabolism versus the modified
EM and ED pathways of archaebacteria [136], (xii) differences
in cysteine biosynthesis [137], (xiii) different unrelated
enzymes initiating riboflavin (and Fyp) biosynthesis [138],
and (xiv) in very good agreement with figure 2b, different,
unrelated, independently evolved enzymes in core pterin
biosynthesis [139], to name a few examples. The pterin biosyn-
thesis example is relevant because the cofactors HyF, HyMPT
and MoCo, which are central to the eubacterial and archaebac-
terial manifestations of the Wood-Ljungdahl pathway are
pterins (figure 2d), suggesting that methyl synthesis occurred
geochemically (non-enzymatically) for a prolonged period of
biochemical evolution.

It has been argued that these deep differences between
archaebacteria and eubacteria reflect comparatively recent
environmental adaptations; a specific claim is that archaebac-
teria adapted very recently [140]. However, many eubacteria
thrive in hyperthermophilic environments without going to
the trouble of replacing all their membranes and walls, DNA
replication, etc., while plenty of archaebacteria thrive in meso-
philic environments such as the open oceans and soils. It is
therefore not the case that archaebacteria are somehow better
adapted to hyperthermophilic conditions whereas bacteria
are better adapted to mesophilic conditions, even though the
perception of archaebacteria as extremophiles persists. Alterna-
tively, the differences of archaebacteria and eubacteria have
been interpreted as adaptations to energy stress [141], but
both acetogens and methanogens live at the lower end of
the free energy spectrum whereby acetogens live from less
energy than methanogens [142,143] but without having

become archaebacteria, so the energy stress argument is
clearly not robust. Given the almost equally wide environ-
mental representation of both groups, both in energy-rich
and in energy-poor environments [144], the deep divergence
between them in all likelihood simply reflects the very early
evolutionary divergence, in our view physical diver-
gence, of replicating compartment contents within the
mound that led to two stem lineages which became the
common ancestors of eubacteria and archaebacteria, respect-
ively (figure 1). Physiologically, those stem lineages gave
rise to acetogens and methanogens. The similarities and
differences in carbon metabolism (the Wood-Ljungdahl
pathway) in acetogens and methanogens outlined earlier
(figure 2) are paralleled by similarities and differences in
their mechanisms of energy conservation (figure 3), which
entail chemiosmotic coupling.

At first sight, the idea that chemiosmosis is a very ancient
means of energy transduction might seem counterintuitive.
More familiar to many is the old (and popular) doctrine
that the most ancient pathway of energy metabolism is a fer-
mentation such as glycolysis [77], an idea that goes back at
least to Haldane [2] and hence arose long before anyone
had a clue that biological energy can be harnessed in a
manner that does not involve substrate-level phosphoryl-
ations and ‘high-energy’ bonds [149,150]. In modern life, all
biological energy in the form of ATP comes ultimately from
chemiosmotic coupling [151], the process of charge separ-
ation from the inside of the cell to the outside, and the
harnessing of that electrochemical gradient via a coupling
factor, an ATPase of the rotor—stator-type. It was not until
the 1970s that it became generally apparent that Mitchell
[152] was right, his Nobel prize coming in 1978, and it is
hard to say when it became clear to microbiologists that all
fermentative organisms are derived from chemiosmotic
ancestors. We also note that Mitchell’s consideration of the
problem of the origin of life introduced key concepts of
his later chemiosmotic hypothesis, including a definition
of life as process, and the idea of vectorial catalysis across
a membrane boundary that is inseparable either from the
environment or from the organism itself [153].

The maxim that glycolysis is ancient might be an artefact
of experience, since it was the first pathway both to be discov-
ered and that we learned in college; in that sense, it really is
the oldest. When one suggests that chemiosmotic coupling in
methanogens or acetogens might be ancient, many listeners
and readers shy away, mainly because the pathways are un-
familiar and often entail dreaded cofactor names. The familiar
cytochrome complexes, quinones and quinone-based charge
translocation are lacking in these apparently ancient life
forms, which possess no complexes I, II or III, no terminal
oxidases, and only a single coupling (ion pumping) site
each. Their energy metabolic pathways differ so fundamen-
tally from the familiar respiratory chain-type chemiosmotic
pathways of E. coli or mitochondria that only recently have
biochemists uncovered how their basic energetics works.
Yet, despite these fundamental differences, and their unfam-
iliarity to most of us, the bioenergetics of methanogens and
acetogens nonetheless feature bona fide chemiosmotic cir-
cuits, with coupling proteins, ion electrochemical gradients
over membranes and the ATP synthase. These pathways are
illustrated in figure 3, which recapitulates the schemes pre-
sented by Buckel & Thauer [143], Thauer et al. [40] and
Poehlein et al. [146], for methanogens and acetogens that
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reductase (Hdr) [145] and hydrogenase (Hyd) [148].

lack cytochromes. Acetogens and methanogens are unique
among chemiosmotic organisms studied so far in that both
types exist as forms that lack cytochromes and quinones.

In brief, methanogens that lack cytochromes, as Methanobac-
terium marburgensis (figure 3a) use their version of the
Wood-Ljungdahl pathway to synthesize methyl-H,MPT, but
instead of donating it to CoFeS and CODH/ACS as in carbon
metabolism (figure 2b), they donate it to the thiol moiety of
CoM in an exergonic reaction (AG** = ca 30 k] mol ) catalysed
by a membrane-bound methyltransferase (MtrA-H in figure 3a),
which conserves energy via the pumping of Na™ ions across the
cytoplasmic membrane [40]. CoM-SH is regenerated from
methyl-CoM by methyl-CoM reductase, which releases methane
by condensing the CoM moiety with the thiol group of coenzyme
B (CoB-SH) producing the heterodisulfide CoM-5-5-CoB. The
CoM-SH and CoB-SH thiols are regenerated by reduction
with electrons from H, by a heterodisulfide reductase (Hdr
in figure 3a), in a highly exergonic reaction (AG® =
—55 k] mol ) [145]. Hdr also generates Fd,.4, which serves
as the low-potential reductant for the formyl-MF dehydrogen-
ase step at the beginning of the WL-pathway, and the
significance of this Hdr reaction will be discussed shortly. Per
mol of methane, 2 mol Na* ions are pumped, whereas the
ATPase requires about 4 Na™ per ATP [145]. The overall reac-
tion is that given in reaction (2.4), whereby, per mol methane,
the cell is able to condense about 0.5 mol of ATP from ADP
and P; [145]. Aside from the anhydride bond in the ATP that
is the product of the pathway, there are no thioesters, no acyl
phosphates and no ATP consumption involved in methane
production. The main energy currency is low-potential-
reduced ferredoxin, Fd,.q [143].

Acetogens that lack cytochromes use their version of
the WL-pathway to make methyl-HyF, as sketched in
figure 3b, which is modified from Pohlein et al. [146] and
Buckel & Thauer [143] for Acetobacterium woodii. ATP invest-
ment (a concept familiar from glycoysis) is required at the
endergonic formyl-HuF synthetase step, formyl phosphate
(figure 2c) being the ‘activated” ATP-generated reaction inter-
mediate, both in E. coli [154,155] and in the acetogenic
enzyme [156]. The methyl group of methyl-H,F is transferred
via CoFeSP to CODH/ACS where the acetyl-CoA is released.
The energy in the thioester bond is conserved as acetyl phos-
phate in the phosphotransacetylase reaction. Acetate kinase
converts acetyl phosphate and ADP into acetate and ATP,
thereby recovering the ATP investment at the formyl-H,F
synthetase step. Methyl synthesis consumes electrons from
H; according to reaction (2.3). The A. woodii formate dehydro-
genase probably uses H, directly as substrate [146], whereas
the remaining two reduction steps are NADH-dependent
[143,146]. The NADH stems from a soluble hydrogenase
(Hyd) that, importantly, also generates Fd,.q in the process
[148]. Fd,eq is the substrate for a membrane-bound protein
called Rnf [147] that generates NADH and pumps, in the
process, about one Na' ion per electron transferred, thus
generating the ion gradient that is harnessed by the
ATPase, which requires about 4 Na' ions per ATP. Per
mol of acetate, about 0.25mol of ATP is generated [143].
The ATP investment at formyl-HuF synthetase step and
return via acetate kinase is strictly 1:1, so there is no net
gain of ATP via that route. The currency of energy conserva-
tion is again Fd,.q, which powers pumping at Rnf to drive
the ATPase.
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6. Electron bifurcation

Both acetogens and methanogens reduce CO, to a methyl
group using electrons from H,. This reaction actually should
not proceed at equimolar concentrations, because the midpoint
redox potential, E”, of the H,/H" couple is ~414 mV, while the
E” for the CO,/formate couple is —430 mV and for the for-
mate/formaldehyde couple it is —580 mV. In simple terms,
H, is not a strong enough electron donor to reduce CO, to
the level of a methyl group; the electrons would have to go
steeply uphill. This prompted Wachtershauser [157, pp.
1790-1791] to conclude that H, can be ‘excluded as the first
source of electrons since its reducing potential is not sufficient
for reducing CO,". So how do chemolithoautotrophs reduce
CO, with electrons from H,? The simple answer would be
that they generate low-potential Fd,.q with midpoint potentials
of the order of —500 mV, but that is also still steeply uphill from
H,, bringing us to the crux of the issue: how do they generate
Fd,eq from H,? The answer, which only recently became appar-
ent and is an exciting development in energetics, is that they
perform a reaction called flavin-based electron bifurcation
[143,158]. This electron bifurcation occurs at the reaction cata-
lysed by Hdr in the methanogens, and at the reaction
catalysed by Hyd in the acetogens (figure 3).

This newly discovered mechanism couples an endergonic
reaction to an exergonic one, analogously to the familiar case
of coupling an unfavourable reaction to ATP hydrolysis so
that the overall energetics of the reaction are favourable. But
in electron bifurcation, no ATP is involved. Instead, it entails
the splitting of electron pairs, from H,, for example (E* =
—-414 mV), at a flavin, such that one electron goes energetically
uphill to generate reduced low-potential ferredoxins (Fdeq)
with a midpoint potential close to —500 mV, with the energy
for that uphill climb being provided by the second electron of
the pair going downhill to a high-potential acceptor, such as
the heterodisulfide CoM-S-S-CoB (E” = —140 mV) of methano-
gens [145] or NAD™" (E” = —-320 mV) at the electron-bifurcating
hydrogenase of acetogens [148]. Electron bifurcation permits
conservation of biochemical energy in the currency of reduced
ferredoxin—a principle of energy conservation that departs
from Lipmann’s [149] high-energy bonds. Fd,.q contains no
cleavable ‘high-energy’ bonds, but electrons at low potential,
so it is clearly a currency of chemical energy [143]. Oxidation
of Fd,eq by a pumping complex such as Rnf [147] or the Ech
hydrogenase [159] couples the electron bifurcation mechanism
to chemiosmotic energy conservation (figure 4).

The electrons in low-potential Fd,.4 are crucial for CO,
reduction in organisms that use the acetyl-CoA pathway. By
splitting the electron pair in H, with one going uphill to Fd the
other going downhill to a high-potential acceptor, these
organisms can reduce CO, under what might seem to be energet-
ically hopeless conditions. The prevalence of electron bifurcation
among strict anaerobes suggests that it is a very ancient biochem-
ical mechanism [73,143], one that was apparently a prerequisite
for a lifestyle of reducing CO, with electrons from H,, which is
how organisms that use the acetyl-CoA pathway for their
carbon and energy metabolism survive.

7. Counting rocks in genomes

In anaerobes, Fd is usually one of the most abundant proteins
in the cell, pointing to the central importance of this small, FeS

cluster containing protein in their energy metabolism. But Fd is m

not the only abundant FeS protein in these organisms. The pro-
teins of anaerobes are generally rich in transition metals and
transition metal sulfide clusters at the catalytic centres of
their proteins, catalytic clusters which are often replaced by
NAD™ and other organic cofactors in aerotolerant species.
The early Earth was devoid of molecular oxygen [30]; hence
the first life was anaerobic. There is a consistent and robust
line of biochemical evolutionary reasoning that FeS clusters,
chemolithoautotrophy and anaerobes tend to reflect antiquity
[44,49,160,161]. That line of reasoning is still current
[73,162,163] and is reinforced by geochemical data providing
evidence for the antiquity of methanogenesis [164].

If FeS clusters are relics from the ancient past, it could be
that the most ancient organisms preserved more FeS-contain-
ing proteins in their genomes. Major et al. [165] found that
among the 120 genomes sampled then, the methanogens
had by far the highest frequency of FeS proteins. Here, we
have updated their survey with 1606 genomes, looking for
the frequency of 4Fe-4S clusters of the type CX;CX,CX5C. We
observed the distribution shown in figure 5 which clearly
shows that methanogens, acetogens and sulfate reducers
have the highest frequencies of FeS proteins. This fits well
with our general premises, but it does not prove anything.
There is a point to be made, though, in that the case has
recently been argued that ZnS, rather than transition metal sul-
fides, might have been the starting point of prokaryotic
biochemistry [5]. However, it should be stressed that there is
a big difference between the view that life emerged from a
ZnS-mediated process and the view that life emerged from
FeS and other transition metal sulfide-mediated processes. In
the model of Mulkidjanian ef al. [5], ZnS has the role of provid-
ing electrons (photochemically), a role that we ascribe to
serpentinization (geochemically), but that is not such a big
difference. The big difference is that Zn is a substrate in their
model, providing two electrons per atom in the one-off photo-
chemical reaction, not a catalyst (which FeNiS is in our model).
Zn is not catalytic in the way that Fe, Ni, Mo, W or other tran-
sition metals are anyway, for which reason modern anaerobes
lack ZnS centres participating in redox reactions of carbon or
energy metabolism. The Zn model lacks redox catalysis and
similarity to modern metabolism.

Following the physiological line of reasoning on evolution a
bit further, Decker et al. [44] suggested that the next physiologi-
cal group to arise following the acetogens and the methanogens
were the sulfate reducers, strict anaerobes, many of which are
autotrophs that use the acetyl-CoA pathway [167-171]. This
notion would fit very well within the present considerations,
including the circumstance that there are archaebacterial and
eubacterial sulfate reducers [172]. It is furthermore supported
by geochemical isotope evidence that attests to the existence
of processes performed by sulfate reducers—sulfate/sulfite
reduction and sulfur disproportionation—in the early
Archaean era, around 3.4 billion years ago [173-175].

The ancestral metabolism performed by sulfate reducers
was likely to have been sulfite reduction or sulfur dispropor-
tionation—and perhaps also disulfide disproportionation, as
newer findings suggest [176]—since sulfur and sulfite would
be produced abundantly from volcanic and hydrothermal
SO,, whereas sulfate, prior to the advent of oxygen, would
probably have had only very limited, localized significance
[177]. In line with that, the use of sulfate as a substrate by sul-
fate reducers involves soluble ATP consumption steps to
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Figure 4. A hypothetical path for the events linking figures 2 and 3, redrawn from [43]. Ech: Energy converting hydrogenase [159]. Other abbreviations as in figures

2 and 3. See text.

produce sulfite [172]. On the early Earth, localized sulfate con-
centrations could be formed abiotically from atmospheric
photolysis of SO,, or biologically from sulfide-dependent
anoxygenic photosynthesis or sulfur disproportionation, but
it was not until the increased oxygenation of the atmosphere
that oceanic sulfate levels started to increase and sulfate
began to play a prominent role in the global sulfur cycle

[178]. Dissimilatory sulfite reduction is a more widespread
trait than sulfate reduction, and the enzyme responsible for
it, the dissimilatory sulfite reductase (DsrAB) is clearly an
enzyme of very ancient origin, and it is closely related to the
assimilatory enzyme present in all domains of life [179].
Both assimilatory and dissimilatory enzymes result from a
gene duplication event that preceded the divergence of the
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Figure 5. Occurrence of 4Fe—4S cluster motifs among 1606 prokaryotic genomes. The upper part of the figure represents the results of a search for the general form
of the 4Fe—4S duster-forming protein motif CX,C(X,CX3C. The proteins of 1606 prokaryotic genomes from the RefSeq database (v03.2012) [166] were under exam-
ination for this. The prokaryotes are represented by single bars and are ordered by their taxonomical dassification. The height of each bar indicates the proportion of
proteins within a single genome containing the motif. The lower part of the figure gives the absolute number of proteins containing one of the four additional
motifs, which have different numbers of bridging amino acids. The order of the columns is the same as the corresponding bars in the upper part. The following
prokaryotes having a high abundance of CX,CX,(X3C motif containing proteins were marked: archaeoglobi, methanogens (methanobacteria, methanococci, metha-
nomicrobia), coriobacteriales (actinobacteria), dehalococcoidetes (chloroflexi), deferribacteres, clostridia, fusobacteria, deltaproteobacteria and thermodesulfobacteria.
All 1606 taxa were also checked for the presence of heterodisulfide reductase subunits (HdrABC) or its relative, the quinone-interacting membrane-bound oxido-
reductase subunits of sulfate reducers (QmoABC), as these might hint at the presence of electron bifurcation involving these proteins; black bars indicate taxa where
at least one of them was present. Note that several other enzymes known to be involved in electron bifurcation [143] are not indicated.

archaebacterial and eubacterial domains [180-182], so a pri-
mordial sirohaem-containing sulfite reductase was most
probably present in LUCA. Note that the presence of sirohaem
does not mean the presence of haem in LUCA, because siro-
haem synthesis merely entails the insertion of Fe*" into
sirohydrochlorin, an intermediate of anaerobic cobalamine
synthesis (which acetogens and methanogens possess) and
sirohaem is furthermore a precursor of the archaebacterial
(alternative) haem biosynthetic pathway [183].

Something else that speaks rather strongly for the antiquity
of methanogens, acetogens and sulfate reducers is their preva-
lence in the deep biosphere, where, as on the early Earth, there
are few ways to make a living. Sulfate reducers, acetogens and
methanogens appear to be the most common inhabitants of
ecosystems situated deep within the crust [184-188]. They
inhabit such environments today, suggesting that their ances-
tors might have as well. Curiously, though not involved in
energy metabolism directly, primitive forms of Dsr-like pro-
teins are apparently abundant in methanogens [189], with a
role in sulfite assimilation or detoxification, further stressing
the close ties between sulfate reducers and methanogens.

8. Electron bifurcation and sulfate reducers

Another link between methanogens and sulfate reducers is the
occurrence in the latter of a number of Hdr-related proteins,

suggestive of electron bifurcation [172]. For methanogens, the
critical bifurcation reaction, described earlier, is catalysed by a
complex of a heterodisulfide reductase with a hydrogenase, the
MvhADG-HdrABC complex [145]. Homologues of HdrABC
are found in other organisms, including at least one cyto-
chrome-containing acetogen, Moorella thermoacetica [89], and
many proteobacterial and clostridial sulfate reducers [172]. In
both cases, it is suspected that HdrABC-mediated electron bifur-
cation is participating in core carbon and energy metabolism, but
this has not been directly shown so far. For Moorella, HdrABC
homologues are encoded directly next to the gene for methyl-
ene-HyF reductase, which catalyses a very exergonic reaction
and was therefore once suggested as a coupling site for energy
conservation [39]. It remains possible that the Moorella methy-
lene-H,F reducatase does conserve energy, but not via ion
pumping as originaly envisaged, rather via electron bifurcation
[89] and Fd reduction instead. Recently, an electron-
bifurcating ferredoxin- and NAD-dependent [FeFe]-hydrogen-
ase (HydABC) from Moorelli was shown to catalyse the
reversible bifurcation reaction [190]. For the sulfate reducers, sev-
eral organisms contain HdrABC or HdrA-like proteins, encoded
next to genes for possible electron donor proteins such as an
MvhADG hydrogenase, a NAD(P)H dehydrogenase or a for-
mate dehydrogenase [172], strongly suggesting that electron
bifurcation is also involved in their energy conservation.
Furthermore, several proteins directly implicated in sulfate/
sulfite reduction are strikingly related to HdrABC subunits.
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Sulfate reducers contain menaquinone, but its role in respir-
ation was for long a mystery because the terminal reductases,
APS reductase (AprBA) and DsrAB, are soluble cytoplasmic
enzymes. A link between the two started to emerge with the
identification of two membrane complexes having quinone-
interacting subunits, QmoABC and DsrMKJOP, as probable
electron donors to AprBA and DsrAB [191-193]. Both these
complexes have Hdr-related subunits. The QmoABC complex
is essential for sulfate reduction [194], and two of its subunits,
QmoA and QmoB, are both flavoproteins closely related to the
bifurcating subunit HdrA. In the DstMKJOP complex, the two
DsrMK subunits are closely related to the membrane-associated
HdrED enzyme present in cytochrome-containing methano-
gens. DsrK contains the special catalytic FeS cluster that in
HdrB is responsible for reduction of the heterodisulfide,
which in the case of the sulfate reducers is proposed to be
the small protein DsrC that is involved in sulfite reduction by
DsrAB [195].

How energy is conserved by the QmoABC and DsrMK]JOP
membrane complexes has not been clearly established, but a
recent proposal suggested a new mechanism of electron
confurcation—bifurcation in the reverse direction [196]—
involving menaquinone in the case of Qmo [197]. In this
proposal, the endergonic reduction of APS by menaquinol is
coupled to its exergonic reduction by a low-potential soluble
electron donor (such as Fd). In contrast to electron bifurcation
where a single-electron donor (NADH, H, or formate) is used
to reduce two electron acceptors, one of high and one of low
potential (most commonly Fd), in this quinone-linked confur-
cation two electron donors, of high (menaquinone) and low
potential (Fd?), are used to reduce a single-electron acceptor.
Soluble confurcation processes have already been described,
such as those involving multimeric hydrogenases (NADH
and Fd,.q as electron donors for H, production) [196] and
the NfnAB transhydrogenase (NADH and Fd,.q as electron
donors for NADP™" reduction) [89,198]. Having menaquinone
as one of the confurcation players would allow for transmem-
brane electron transfer and charge separation to effectively
couple the process to chemiosmotic energy conservation.
This could not occur if only a soluble low-potential donor
was involved. It is possible that this, so far speculative, idea
might also apply to other anaerobes for which the role of
menaquinones is so far unclear, and where MK does not
have a sufficiently low reduction potential to participate in
core energy or respiratory metabolism. The cytochrome-con-
taining acetogens such as Moorella, in particular, come to
mind in this respect, because they contain menaquinone, but
there is yet no obvious role for it in core metabolism [89].

The involvement of electron bifurcation in sulfate reducers
points further to the antiquity of sulfate/sulfite reduction as an
ancient anaerobic physiology and is consistent with the obser-
vation that a number of sulfate reducers use the acetyl-CoA
pathway [199-201].

9. From harnessing to pumping: the same leap
by two prokaryotes

Electron bifurcation in methanogens and acetogens permits
generation of membrane potential from H, and CO,, which
can then be used to drive net ATP synthesis via the ATP
synthase, or in the case of M. marburgensis, to reduce ferre-
doxin via the energy converting hydrogenase, Ech. Thus,

electron bifurcation helps cells generate what alkaline hydro-
thermal vents geochemically provide for free: ion gradients.
Given the foregoing, the continuous reduction of CO, to
organics could have ultimately driven the emergence of
RNA, proteins and genes within the vent pores: what we
shall call protocells, meaning the organic contents of inorganic
pores within the microporous labyrinth of alkaline hydrother-
mal vents, but not, as yet, fully functional or independently
dividing cells. How (and why) did these confined protocells,
dependent on natural pH gradients, begin to generate their
own gradients, enabling them ultimately to leave the vents
as self-sufficient, free-living cells?

One possible solution depends on the counterintuitive
properties of membranes in the presence of natural ion gradi-
ents [43]. Apart from the remarkable sophistication of modern
respiratory chains, a second reason that chemiosmotic coup-
ling is usually considered to have arisen late relates to the
permeability of early membranes. Chemiosmotic coupling
today requires an ion-tight membrane, so that ions pumped
out return mostly through the ATP synthase, driving ATP syn-
thesis. If ions can instead return through the lipid phase of a
leaky membrane, ATP synthesis is said to be uncoupled—Iit-
erally, short-circuited—and most of the energy consumed in
pumping is simply dissipated as heat. Thus, pumping protons
across a leaky membrane costs a lot more energy than can be
conserved as ATP, making it worse than useless. The problem
at the origin of life is that early membranes would certainly
have been leaky, hence pumping protons across them could
offer no advantage, especially in the presence of small organic
acids which naturally dissipate proton gradients. Pumping
protons at the vent is pointless anyway, as the proton gradient
already exists. A second related problem is that archaebacteria
and eubacteria do not have homologous membranes; hence we
have argued that their last ancestor, confined to vents, did not
have a modern membrane. While simple phase separation of
amphiphiles, fatty acids, alkanes and other hydrophobics
would tend to produce hydrophobic layers within the vent
pores, probably even lipid bilayers, these were likely to be
very leaky to small ions.

But arguments against early chemiosmotic coupling share
a common flaw: they assume that pumping arose before har-
nessing. In the presence of natural proton gradients, this is
not the case. We have argued that the ATPase arose before
pumping mechanisms. The passage of protons through the
ATP synthase today is about 4-5 orders of magnitude
faster than through the lipid phase of the membrane. But
with a free, geochemically provided gradient, membrane per-
meability could be orders of magnitude greater, while still
allowing net ATP synthesis. All that is required is that pro-
tons should pass through the ATP synthase as well as
through the lipid phase (and that they be removed by the
alkaline effluent). Any improvements in the ion-tightness of
the membrane would therefore be beneficial, as they would
funnel a larger proportion of protons through the ATPase.
Hence if there were any genetic component to early mem-
branes, we would predict that coupling would steadily
improve, which is to say that organic membranes would
tend to become less permeable to small ions over time. On
the face of it, that seems a reasonable statement, but it leads
to an unexpected problem.

The problem relates to the transfer of charged particles—
protons—across the membrane. In vents, neither hydrothermal
fluids nor ocean waters carry a net charge: the excess of H' in
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the ocean is balanced by HCO3, whereas the excess of OH™ in
hydrothermal fluids is balanced by Mg”". Thus, the transfer of
a single proton across the membrane down a concentration
gradient also transfers a positive charge, and this opposes
the further transfer of charge—which is to say, more protons.
Soon, a Donnan equilibrium is established, in which the elec-
trical charge across the membrane balances the concentration
gradient, annulling the proton-motive force. This problem is
only unmasked if the membrane can actually hold an electric
charge, which is to say, only if the membrane has become
impermeable to small ions. Before that, however—if the mem-
brane is leaky or discontinuous—the system is essentially
open, and charge does not enter into it. Any H™ crossing the
membrane will react with hydrothermal OH™ to form water,
which is swept away in the flow, negating the accrual of
charge. In such an open system, the pH gradient is maintained
not by pumping, but by the continuous circulation of hydro-
thermal fluids and ocean waters, continually juxtaposing
phases in redox and pH disequilibrium. Thus, at an early
stage, the proton-motive force can only exist in the presence
of leaky membranes and an open system: far from being a
problem, leakiness is actually a necessity.

What happens when the membrane tightens off to small
ions and forms cell-like structures? Transfer of protons into
an impermeable cell will result in a Donnan equilibrium that
opposes further transfer unless counterions are also trans-
ferred, or unless the proton can be pumped out again.
Pumping out a proton is problematic. Either the cell needs to
invent machinery to pump out protons as soon as the mem-
brane becomes impermeable (plainly impossible) or it needs
to invent this machinery while the membrane is still per-
meable, i.e. before it needs it. This is also unlikely, as the cell
would need to actively pump protons (costing energy) from
an internal concentration of pH 9-10 (less than or equal to
1nM) across a leaky membrane against a 1000-fold concen-
tration gradient, which is immediately dissipated through
the leaky membrane—a common objection to chemiosmotic
coupling evolving early. The solution is surprisingly simple:
a Nat/H' antiporter, an otherwise unassuming protein that
would hardly be a prime suspect for evolutionary heroics,
except in alkaline hydrothermal vents.

In a world of genes and proteins, a Nat/H*t antiporter is
far easier to invent than an ATPase. It is a single protein, and
an ancient one that is also a component of both Ech and Com-
plex I [202,203]. But it confers an inordinate benefit. An
antiporter transfers a positive charge in the opposite direction
to the proton, meaning that overall the passage of a proton
down a concentration gradient is charge neutral. Thus, with
an antiporter, there is no problem with Donnan equilibria:
the system does not bung up. What is more, the passage of
H" down a natural gradient drives the efflux of Na* ions.
This has two beneficial effects, one immediate and the other
longer term. The immediate benefit is improved coupling,
assuming, as we do, that ancient ATPases were promiscuous
for H" and Na™, as modern ATPases of methanogens are
[204]. Modern membranes are 2-3 orders of magnitude
more permeable to H* than to Na™, and there is no reason
to suppose that early membranes would have been any
different, especially in vents, where the presence of small
organic acids uncouples H" gradients but not Na* gradients.
So an antiporter transduces a natural proton gradient into a
biochemical sodium gradient, which immediately improves
coupling at essentially no energetic cost. Na* extrusion is

powered by the free geochemical proton gradient, not by
active pumping (which consumes an energy budget that
could otherwise be spent on carbon assimilation). Any
improvement in coupling, of course, requires that the ancient
ATPase could use Na™ ions, similar to how the modern one
can [204,205], perhaps because hydronium ions (H;O")
have an identical charge and similar ionic radius to Na*t
(ionic radii for unhydrated H3O" =115 pm, and for Na* =
117 pm). A number of apparently ancient bioenergetic pro-
teins found in both methanogens and acetogens, notably
the ATPase and Ech, are promiscuous for H™ and Na*¥,
which might be a relic of early coupling.

The longer term benefit relates to optimizing enzyme func-
tion by ionic balance. Most modern cells have low intracellular
Na™ relative to K, unlike the oceans, where Na™* concentration
is much higher, 470 mM in oceans versus approximately
10 mM in cells [5]. Some universal and ancient proteins, not-
ably those involved in translation, are optimized to this ionic
balance, raising the question of how, if life arose in submarine
alkaline hydrothermal vents, did intracellular Na' concen-
tration become lowered to this optimum? An H'/Na‘t
antiporter would readily explain how, but as the secondary
consequence of a more immediate bioenergetic pressure.

The Na*/H" antiporter also helps to solve the larger
problem of the origin of active pumping. In the presence of
free geochemical proton gradients, protocells in vents can
adapt to a sodium-motive force, all the while being powered
by a proton-motive force. Eventually, cell membranes became
tight to Na™*, if not H'. So how did active pumping originate?

Here, an important point needs to be made, lest the reader
accuse us of invoking preadaptation with regard to pumping.
There is no advantage to active pumping at regions of the vent
where gradients are sharp by means of effluent flux. In distal
regions of the vent, however, where alkaline effluent flux is
impaired, energy coupling, and hence proliferation would
cease. Only such protocells that ‘learned’—via the standard
workings of natural variation and selection—to generate their
own gradients in the context of their existing repertoire of
redox reactions, could proliferate in such margins. And only
such protocells could make the final transition to the free-
living lifestyle. So there is clear proliferation benefit for the inven-
tion, by chance mutation, of proteins that can pump, and that
benefit exists at regions of the vent where flux is impaired.
This is likely the initial selective advantage of pumping.

What are the primordial active ion pumps? A simple sol-
ution is suggested by the sole coupling site of acetogens that
lack cytochromes, Rnf. Electron transfer from ferredoxin to
NAD™ drives the extrusion of Na* via Rnf [147]. The problem
of generating reduced ferredoxin in protoacetogens via flavin-
based electron bifurcation at the hydrogenase step had been
solved previously for the purpose of reducing CO,. The circuit
was nearly complete, only redox balance remained to be
achieved. Reoxidizing the NADH generated at the hydroge-
nase and Rnf reactions so as to synthesize methyl groups
closes the stoichiometric loop, yielding an H,/CO, dependent,
acetate excreting entity that, upon cellularization (bubbling off,
one might say) was energetically free to leave the vents.

Methanogens found a different and completely unrelated
route, while also making use of flavin-based electron bifur-
cation, suggesting independent origins of active pumping.
In the case of methanogens, the Na*-motive force is gener-
ated by pumping at the highly exergonic methyl transfer
step (AG” = ca —30 k] mol ') from methyl-H;MPT to CoM
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by the methyl transferase (Mtr) complex, the only coupling
site in methanogens that lack cytochromes [145]. Reoxidation
of CoB-SH with methyl-CoM to generate the heterodisulfide
CoM-S-S-CoB and methane establishes a redox balanced
Na* pumping circuit. In the protomethanogen lineage, this
Na* gradient could also be tapped via Ech for net CO, to pro-
ceed. Regardless of the exact details, it appears that the deep
divergence of overall design in methanogen and acetogen
bioenergetics, despite their distinct commonalities, occurred
within the vents.

From rather similar starting points (but with membranes
that had already diverged), both methanogens and acetogens
solved the problem of active pumping using an Nat/H*
antiporter, both relied on chemiosmotic ATP synthesis, and
both evolved similar mechanisms of flavin-based electron
bifurcation, using a similar set of hydrogenase proteins. But
divergent stem lineages solved the details of the problem in
different ways. And in both, flavin-based electron bifurcation
gave rise to a balanced redox circuit and Na™ gradient gener-
ation via a single coupling site. Other elements of the more
familiar respiratory chain, notably quinones, the Q cycle,
and cytochromes b and ¢, arose later. This interpretation is
supported by the remarkable homology of several subunits
of complex I to the proteins discussed here: FeFe trimeric
hydrogenases, NiFe hydrogenases, ferredoxin-reducing sub-
units, Ech and Na*/H* antiporters [202]. The only further
subunits required for true complex I function were quinone
and NADH-binding subunits. We discuss the origin of qui-
nones and cytochromes in §13, but it seems likely that they
did indeed arise after Ech and Na*/H" antiporters. In this
case, it is also noteworthy that complex I itself possesses
some of the same Na*/H" promiscuity [206] as Ech and
the ATP synthase do. The fact that the proton-motive force is
more universal today than the sodium-motive force probably
derives from evolutionary interpolation of quinones—which
are always coupled to proton-dependent redox reactions—on
these earlier, necessarily promiscuous origins [205].

Thinking things through, one additional aspect comes to
the fore that is not immediately related to energetics.
Namely, if the transition to the free-living state was truly
independent in the archaebacterial and eubacterial lineages,
as we suggest, then prokarytic cell division well could be pre-
dicted to have arisen twice independently. A look at the
comparative genomics of cell division in archeabacteria and
eubacteria provides evidence for the ubiquity of the FtsZ-
derived system in eubacteria, and widespread occurrence of
FtsZ in archaebacteria, but in addition the occurrence of
ESCRTIII-related cell division machineries in some archae-
bacterial lineages [207]. Thus, while one can say that the
ESCRTIII-related route is specific to archaebacteria, it is not
obviously present in their common ancestor, while FtsZ
(which seems to be a main cell division protein in methano-
gens) probably was [207]. Assuming that cell division had
to evolve before cells escaped to the free-living state, what
might cell division within rigid inorganic confines have
looked like?

The example of spore formation in the acetogen Aceto-
nema longum [208] is possibly instructive. Sporulation is a
specialized case of cell division where the daughter cell
grows inside the mother cell: some members of the clostridia,
such as Epulopiscium, use the cell within a cell strategy for
normal cell division [209]. During that process in Acetonema,
the inner membrane of the mother cell becomes the outer

membrane of the spore (the daughter cell), which grows m

within the mother cell and which initially posseses two mem-
branes, inner and outer, one of which is ultimately shed [208].
This general kind of cell division has, not unreasonably, been
suggested as the ancestral source of the outer membrane in
Gram-negative bacteria; it might also represent an ancestral
state of cell division reflecting a growth process within
physical confinement.

10. Not enough energy?

Recently, Nitschke & Russell [210, p. 482] have argued that the
Wood-Ljungdahl pathway ‘appears inadequate to drive
reductions, condensations and biosyntheses required of an
emergent metabolic cooperative’. The gist of this argument is
that the H,—CO, couple does not present enough free
energy to get life started (although methanogens and aceto-
gens do just fine). Their inference is that high-potential
electron acceptors such as NO or NO; with midpoint poten-
tials near or exceeding O, must have been involved at the
very earliest stages of chemical evolution [210,211], and in
the latest formulation entailing oxidant-driven methane oxi-
dation as the first step towards the synthesis of organic
molecules [212]. A severe problem with that view, though, is
that it demands that existence of a 1:1 molar ratio of high-
potential acceptors for every organically incorporated carbon
atom at the onset of primordial biochemistry; that would
shift the oxidation state of such an environment dramatically.

This is especially true when one recalls that at the onset of
biochemistry, there was little or no specificity in catalysis,
such that a vast molar excess of ‘non-biogenic’ (side product)
reduced carbon compound was required for the synthesis of
every ‘biogenic’ (biologically useful) one [43]. The conse-
quence is that in the presence of abundant high-potential
acceptors of the type that methane oxidation [212] would
demand, organic synthesis would probably just ‘go up in
smoke’ being pulled towards CO,. The reason is because
amino acid synthesis and cell mass synthesis, while requiring
little if any energy input or even being exergonic under
strictly anoxic hydrothermal vent conditions [36], become
extremely endergonic even under very mildly oxidizing con-
ditions, such as microoxic conditions corresponding to only
1/1000th of present oxygen levels [35].

Specifically, the synthesis of cell mass requires 13-fold
greater energy input (or even more if NO3 is the nitrogen
source) under microoxic than under anoxic conditions [35].
That meshes with the observations of Heijnen & van Dijken
[213] that anaerobic chemolithoautotrophs such as methano-
gens require of the order of 30—-40 kJ to synthesize a gram of
cell mass, whereas aerobes require of the order of 80-170 k]
to synthesize a gram of cell mass [35]. Thus, the argument
that high-potential electron acceptors for methane oxidation
were needed to get organic synthesis started [212] has the
problem that their presence would tend to preclude accumu-
lation of reduced organic compounds such as amino acids
[35], because the reducing conditions would be gone. One
might counter that these microoxic conditions apply to the
oceans, whereas the internal compartments of hydrothermal
vents are highly reducing, gases such as NO are as likely to
traverse hydrophobic walls as CO,, and certainly more easily
than protons, and would therefore inevitably alter the oxi-
dation state within the vent. Indeed, McCollom & Amend
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[35] point out that ‘the primary control on the energetic
requirements for biomass synthesis is the oxidation state of
the environment’” which is consistent with the observations
of Amend & Shock [34], who pointed out that in environments
of high or even moderate reducing potential, the autotrophic
synthesis of amino acids requires little energy input, in contrast
to oxidizing environments. Thermodynamic considerations
would strongly favour a reducing environment for the syn-
thesis of life’s first building blocks over an environment in
which the synthesis of reduced carbon compounds had to
take place against the workings of strongly oxidizing agents.
An additional complaint of Nitschke & Russell [210] that “acet-
ate has defied chemical synthesis in aqueous solution directly
from CO, and H; in the laboratory’ probably relates to electron
bifurcation, whereby aqueous acetate synthesis from CO, with
Fe*? is facile [62].

And when it comes to the topic of strong oxidants, there is
a lot to be said for molybdenum. Mo is involved in many inter-
esting reactions, among them CO, reduction in the initial steps
of the acetogen and methanogen methyl synthesis pathways
(figure 2) and N, reduction in nitrogenase, which was recently
shown to possess a carbon atom with only Fe ligands in the
centre of its FeS cluster [214]. Mo is also involved in some reac-
tions where it was long thought that only a strong oxidant
such as O, could do the job. A recent example is the character-
ization of a molybdoenzyme from Sterolibacterium denitrificans
that anaerobically hydroxylates a tertiary carbon atom in sterol
[215], a reaction hitherto thought to require O,. Another
example is the anaerobic hydroxylation of ethylbenzene by
ethylbenzene dehydrogenase, where Mo(VI) performs the
oxidative step in the reaction mechanism [216].

11. A tree of tips

One might ask how phylogenomics stacks up against these
concepts. Groups trying to work out the ‘phylogeny’ of pro-
karyotes [217] have come up with various schemes to
classify groups, mainly based on the identification of some
core set of genes that are concatenated and used to create a
phylogenetic tree, a procedure laden with problems [218].
While such phylogenomic studies are worthwhile undertak-
ings, they come with the heftiest of caveats. This is because
even with massive amounts of data and refined molecular
phylogenetic methods, it is a challenge to get the orders of
mammals [219] or the orders of flowering plants [220] satisfac-
torily sorted out, and those processes span ‘only’ about
200 Myr into evolutionary time. Much, much harder are the
early eukaryotic groups, which go back about 1.5 billion
years [221], or even more difficult, linking eukaryotes to pro-
karyotes [222-224]. With that in mind, dismal appear the
prospects of getting branching patterns sorted out for prokary-
otes, which have been around for 3.8 billion years or more
[30,164], assuming that there are any real branches in that phy-
logeny to be recovered in the first place [225], and the goal
probably pushes phylogenetics beyond its limits.

What if we poll the genes that are used in such concatena-
tion studies to see whether they individually tend to support
the trees that they produce in concatenated analyses? We did
that in figure 6. The result shows that the 48 core genes
that can be distilled to be present in all of a small sample
of 100 genomes recover, individually, the deep split between
archaebacteria and eubacteria, and they recover recent

phylogenetic signals at the tips of the tree (figure 6). The
tree of life as currently constructed is based only on about
30 genes [217], which correspond to about 1 per cent of the
genes found in an average prokaryotic genome; in that
sense the tree of life is more the tree of 1 per cent [227]. But
by viewing the tree in terms of how often different genes
find the same branch for the concatenated tree they purport
to uphold, what we see is not a tree of life, but a tree of
tips [228]. In the deeper branches, not a single individual
gene branches in the same way as the concatenated tree
does. This underscores what Doolittle has been saying for
some time [225,229], namely that scientists are unable to
muster positive evidence that any given gene or set of
genes has had the same history all the way back to the
beginning of life’s first cells.

Thus, while concatenated gene sets (analysed individually
or in some concatenated manner) readily provide groups
(a classification), the branching order of those groups remains
obscure. But more importantly, even if one were, by some
means, to get a branching pattern sorted (or agreed upon by
consensus) for some core prokaryotic gene set, there remain
incontrovertible and fundamental differences between classifi-
cation of eukaryotic groups and classification of prokaryotic
groups: the former is largely natural, but the latter is not
[229]. For example, we can generate an approximate phylo-
geny for the evolution of vertebrates and map onto that
phylogeny the origin of jaws, fins, lungs, feet, wings and so
forth in a meaningful manner. But the same is not possible
for prokaryotes because they readily spread their genes via lat-
eral gene transfer (LGT), and what we find in modern genomes
are useful collections of genes that represent viable strategies
for survival in existing niches [225]. In other words, we
cannot take any given prokaryote phylogeny and map out
the linear evolution of physiological traits, because their
evolutionary patterns are too complex, often marked by very
sparse distributions.

Notwithstanding, it is possible to generate an argument,
based on phylogenetic trees, that acetogens and methanogens
are among the true latecomers in evolution, recently evolved
and derived specialists [212]. But the branches in phylogen-
etic trees built from sequence data depend on many things,
mainly things that go on inside computers [222]. And for
each tree that suggests methanogens and acetogens to be
latecomers [211], there is one to show that methanogens
[222,224,230] and clostridia (acetogens) [217] branch at the
base of their respective domains.

Why is the split between eubacteria and archaebacteria in
figure 6 (and in many other such trees) so deep and so clear,
while the next branches disappear? Figure 6 summarizes
trees of universal genes. While they do not recover the
middle ages of prokaryote evolution, they do tell us what
we already know, that archaebacteria and eubacteria are
very different. Under our current premises, their divergence
corresponds to a comparatively short period of time, less
than ca 400 Myr, that separates the advent of water at
4.2 Ga and evidence for life at 3.8 Ga [11,30]. Perhaps the sim-
plest interpretation for this deep divergence is that it reflects
the circumstance that the stem archaebacteria and stem
eubacteria diverged at a time when proteins were still being
invented and those that existed were getting better at what
they do. In modern evolution, proteins evolve neutrally on
the whole, functional constraints causing sequence conserva-
tion are the norm, and have been for most of Earth’s history.
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Figure 6. The ‘amazing disappearing tree’ of 48 universal genes for a 100 species set. A tree generated from a concatenated alignment of 48 universal genes, compared
with its underlying single gene trees. The spedies sample comprises 50 archaebacteria and 50 eubacteria. To estimate the inconsistency between single gene trees and
the concatenated tree, the frequency of each node in the concatenated tree was compared with its frequency within the single gene trees. The transparency of the
branches reflects how often the associated node was present within the single gene trees. The 48 universal genes consist of the 31 genes that were previously identified
as universal [226], and later used in phylogenetic analysis [217] namely (ArgRS, RNApol(a), LeuRS, metal-dependent protease, PheRS, GTPase, SecY, Rpl1, Rpl11, Rpl13,
Rpl14, Rpl15, Rpl16/L10E, Rpl18, Rpl22, Rpl3, Rpl5, Rpl6, Rps11, Rps12, Rps13, Rps15/13E, Rps17, Rps2, Rps3, Rps4, Rps5, Rps7, Rps8, Rps9, Rps, SerRS), plus 17
additional genes (PRPP, AlaRS, PCNA homologue, RNApol(b), HisRS, Met-aminopeptidase, MetRS, PheRS beta subunit, ProRS, RecA, Rpl4, ThiRS, EfG, translation release
factor, elF5A, TyrRS, ValRS) that are present in this prokaryote sample, which contains no members with highly reduced genomes. The taxa were chosen for broad
sampling. For this, proteomes of 1606 prokaryotes were retrieved from the RefSeq database (v03.2012) [166]. Pairwise sequence comparisons were run for the ribosomal
protein L3. Based on these results, all prokaryotes were clustered by a hierarchical clustering algorithm. From each cluster 100 sample taxa (50 archaeabacteria and 50
eubacteria) were chosen. A complete list of genomes sampled is available in the electronic supplementary material.

But at the origin of genes, evolution was anything but neu-
tral—it was fierce competition for organization of available
matter into things that could organize matter best.

The examples encountered so far for independent origin
of genes in archaebacteria and eubacteria clearly indicate
that the invention of the full gene repertoire needed to exist
as a free-living cell had not gone to completion in the con-
fined universal ancestor. In the two stem prokaryote
lineages, proteins were getting better at what they do (posi-
tive selection quickly fixes new mutations) and coming to
rest in different regions of the fitness landscape on the
plane of sequence space. This causes rapid sequence evo-
lution, which translates into many accumulated sequence
differences per unit time, which translates into long branches.
Once proteins reached a certain level of optimization at what
they do, functional constraints causing sequence conservation
(slower mutation accumulation) became the norm.

12. What was present in the common ancestor?

We can look for proteins that are of sufficiently wide distri-
bution to assume that they might have been present in the
common ancestor of archaebacteria and eubacteria (table 1).

If we opt for strict criteria as “present in all genomes’ then
we would come up with a list of the roughly 31 proteins
that various groups [217,226,232] have examined. An
extended version of that list would also include many pro-
teins that are less than 20 per cent identical in many
pairwise comparisons. Our criteria for ‘widely distributed’
are more relaxed with respect to gene presence or absence
but a bit more strict with respect to sequence identity. The
protein families used by Nelson-Sathi et al. [231] to construct
deep phylogenetic trees are convenient. The criterion of shar-
ing at least 30 per cent amino acid identity was applied,
because alignment and phylogeny procedures produce
severe artefacts with amino acid sequences that share sub-
stantially less identity [233]. Concerning gene presence or
absence, one can relax the stringency a bit, allowing for
some loss, and ask whether a protein is present in at least
one representative of various higher prokaryotic taxa
corresponding to phylum, for example. In the study of
Nelson-Sathi et al. [231], there were 11 higher archaebacterial
taxa (75 genomes total) and 30 higher eubacterial taxa (1143
genomes total) sampled. Table 1 shows how many genes
fulfil the distribution criteria for being present in (only!) at
least one member each of 11/11 archaebacterial groups and
in at least one member each of 20/30 higher prokaryotic
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Table 1. Genes generously universal across the great prokaryotic (archaebacterial-eubacterial) divide at varying taxonomic stringence. The 75 archaebacterial  [J{E]}

genomes fall into 11 major taxonomic groups, the 1143 eubacterial genomes fall into 30 major taxonomic groups, as given in detail in [231]. To be scored as
present within a taxonomic group, the proteins are required to be approximately 30 per cent identical, which is stringent, but we generously allow for loss.
Thus, a gene counted as present is present in at least 11/75 and 20/1143 genomes. Most numbers are much larger, of course. The annotations of those

particular 106 gene families are listed by functional category in table 2.

eubacterial

all 30

Sy 36 ............ 205 .................. 237 .
>8 107 254 302

191 201 M 24
262 276 294 308
341 359 385 407

taxonomy phyla) and present in at least one member each of all 11 major archaebacterial taxonomic groups sampled and roughly 30% identical in all

comparisons.

taxa and sharing more than 30 per cent amino acid identity.
Table 2 shows which genes those are, by annotation for the
case of 106 genes that are present in at least one member
each of 11/11 archaebacterial groups and in at least one
member each of 20/30 higher prokaryotic taxa and that
share more than 30 per cent amino acid identity.

The list depicts what sorts of functions might have been
present as genetically encoded functions in the common
ancestor, allowing generously for loss and keeping in mind
that we cannot readily tell how much LGT has contributed
to those gene distributions. With those caveats, the list
tends to reflect a last common ancestor that had ribosomes,
the genetic code, bits and pieces of cofactor biosynthesis,
bits and pieces of amino acid biosynthesis, bits and pieces
of nucleotide biosynthesis, and a fully fledged ATPase that
could convert an ion gradient into chemically accessible
high-energy bonds. The paucity of obvious components
that would generate an ion gradient is striking. The list in
table 2 is remarkably consistent with the view that the
genes listed arose in an environment (an alkaline hydrother-
mal vent), where geochemically produced proton gradients
existed and only had to be tapped. The presence of several
tRNA modifying enzymes in the list is also congruent with
our arguments about modified bases.

13. Haem and menaquinone

The simplicity of the acetogen and methanogen bioenergetic
pathways, not involving quinones or cytochromes and
being replete in FeS centres, as well as their occurrence in
strictly anaerobic chemolithoautotrophs, tends to speak in
favour of their antiquity. An alternative view [211] has it
that menaquinone (MK)-based-dependent proton gradient
generation is the ancestral state of membrane bioenergetics,
with a good portion of that argument resting on the wide dis-
tribution of MK among archaebacterial and eubacterial cells,
and the occurrence of several ion translocating enzymes of
bioenergetic membranes in some archaebacterial and eubac-
terial lineages. There are several problems with that view,
though. Three problems with the argument for the ‘antiquity
based on ubiquity’ of MK is that (i) methanogens do not have

it at all, except derived methanogens that have acquired
the genes for MK biosynthesis from eubacteria [231], (ii)
members of the sulfolobales and acidobales synthesize
benzothiophenes (quinone derivatives), but have no known
MK pathway [234], and (iii) the distribution of the MK
biosynthesis pathways across archaebacteria is generally
sparse (figure 7), whereby tests of the two possibilities
underlying that sparse distribution, differential loss versus
lineage-specific acquisitions, have not been reported. Another
problem with the view that quinone-cytochrome-based
ion-pumping systems are ancestral is that haems are lacking
in all methanogens except the evolutionarily derived group
of the methanosarcinales and that the archaebacteria haem
biosynthesis pathway is unrelated to and arose indepen-
dently from the eubacterial pathway [130,131]. We have
plotted the distribution of the two haem and the two MK
biosynthetic pathways across groups in figure 7. Besides the
exceptions mentioned earlier, an interesting observation is
the absence of both MK pathways in some quinone-contain-
ing organisms as for instance thermotogae and tenericutes.
This might suggest the existence of an additional MK
biosynthetic pathway. Of course one could also argue that
non-enzymatic haem synthesis, which does work [238], is
the ancestral state used by the common ancestor. However,
a more problematic aspect of the cytochromes first model is
that, in that view, both methanogens and acetogens are
seen as very late and highly derived evolutionary lineages
[212], whereas isotope evidence has it that methanogens
are ancient [164] and comparative physiology would have
it that the core biochemistry of both methanogens and
acetogens is ancient [44,73,160].

If our premise is correct that acetogens and methanogens
that lack cytochromes and quinones are the most ancient
kinds of cells, and that the primordial organisms did not
have basically everything and could not do basically every-
thing in the bioenergetic sense, a question arises, namely
who invented cytochromes and respiratory chains? Some
acetogens have cytochromes, but at least those of Moorella
thermoacetica [239] are lateral acquisitions, probably from
eubacterial sulfate reducers, as sequence comparisons readily
reveal. Some methanogens also have cytochromes but they
are also lateral acquisitions [231]. The deltaproteobacterial
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Table 2. Functional annotation (using C0G) of generously universal genes. List of 106 genes present in at least one member of all 11 archaeal groups and at [pI]
least one member of 20 eubacterial groups (table 1).
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Table 2. (Continued.)
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Table 2. (Continued.)

no. C0G-id category product
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®Present in at least one member of all 11 archaeal groups and at least one member of all 30 eubacterial groups.

sulfate reducers have regular cytochromes b, as well as multi-
haem cytochromes ¢ [172] synthesized via the alternative
archaeal haem pathway. Sulfate reducers also have MK, but
they also have some things in common with methanogens
in terms of Hdr-related proteins. Sulfate reducers do not,
however, have membrane integral cytochrome bc or cyto-
chrome bgf complexes [172], and it is not yet clear how they
use their MK pool, although a participation of electron
confurcation, as discussed earlier, seems possible [197].
The circumstance that sulfate reduction is mainly a cytosolic
process and that it likely involves flavin-based electron bifur-
cation (or confurcation) speaks for its antiquity. Indeed, given
that there was surely no lack of sulfur substrates for sulfate
reducers [179] at the vent—ocean interface, autotrophic sulfate
reducers that use the acetyl-CoA pathway could, in principle,
harbour a physiology that is nearly as ancient as that of aceto-
gens and methanogens, requiring merely the additional
evolutionary invention of cytochromes and quinones. The
links between sulfur metabolism and methanogenesis point
to the antiquity of both [163].

The prokaryotes who invented cytochrome bc type contain-
ing respiratory chains probably also invented the Q-cycle [240],
the membrane phase and quinone-based analogue of flavin-
based electron bifurcation, which is a cytosolic process so far.
Among prokaryotes, flavins are far more universal than
quinones. This suggests a possible sequence of events in the
early evolution of energy conservation: (i) thioester-dependent
substrate-level phosphorylations, (ii) chemiosmotic harnessing
and the universality of ATP as energy currency, (iii) har-
nessing of Na* gradients generated by H"/Na* antiporters,
(iv) flavin-based bifurcation-dependent ion gradient generation,
(v) quinone-based (and, eventually, Q-cycle containing) proton
gradient generation involving membrane integral cytochrome
complexes and bona fide respiratory chains. All of these

processes ultimately depend, even today, upon CO, reduction
with low-potential Fd,.q (generated either chemosynthetically
or photosynthetically), placing a reaction of the type ‘reduced
iron — reduced carbon’ at the beginning of bioenergetic evo-
lution, as outlined in figure 8. The evolutionary advent of
quinones affected chemiosmotic pumping efficiency in at least
two ways: (i) via quinone-dependent electron bifurcation in the
Q cycle, both in cytochrome bc; and in cytochrome bgf complexes
[243], and (ii) in complex I. The recent structure of complex I
reveals how redox-dependent quinone movement introduces
conformational changes across several adjacent antiporter sub-
units, causing them to pump in concert [244]. This generates a
greater H"/2e™ stoichiometry than the hydrogenase-related
precursors of complex I which, despite a similar subunit
composition [202], pump without the help of quinones.

14. Conclusion

Here, we have specified some links between the energy releas-
ing chemistry of a Hadean alkaline hydrothermal vent and the
energy metabolism of particular groups of modern microbes.
Energetic aspects of the origin of life are less widely discussed
than RNA-oriented genetic aspects, and one can approach the
problem either from a very general perspective, without linking
early energetic models to modern bioenergetic configurations,
or from a more specific perspective that aims to forge tangible
connections between ancient chemical environments and
modern microbial physiology. The latter approach requires stat-
ing some premises about what is ancient in modern
biochemistry, and the further one delves into the physiology
of acetogens and methanogens that lack cytochromes, the
more ancient they look. Moreover, the more closely we compare
their chemistry to processes at alkaline hydrothermal vents, the
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Figure 7. Distribution of quinone and haem biosynthetic pathways among 1606 prokaryotic genomes. The left part of the figure represents the organization of the selected
taxonomic groups from the 1606 completed sequenced genomes (117 archaeal and 1489 eubacterial). The right part of the figure represents the proportion of genomes
within a taxa where at least 70% of the genes involved in the pathway are present. Each column represents a different pathway. Homologous proteins involved in the several
steps of ubiquinone (ubiC, ubiA, ubiD/ubiX, ubiB, ubiH, ubi, ubif and ubiG), menaquinone (MK) alternative (MgnA, MgnB, MgnC and MgnD) [235], menaquinone or phyl-
loquinone (PQQ) (Menf, MenD, MenH, MenC, MenE, MenB, MenA and Ubit/MenG) [236], haem (HemE, HemF/HemN, HemY/HemG and HemH) and haem alternative (AhbA,
AhbB, AhbC and AhbD) biosynthesis pathway were identified by BLAST [237]. The BLAST results were filtered for E values better than 10" and amino acid identities greater
than or equal to 25 per cent. Owing to the high similarity between genes involved in haem d1 biosynthesis with genes from the haem alternative pathway [131], BLAST
searches for the presence of cd1 nitrite reductase (the only enzyme containing haem d1) were also performed. In the genomes where both haem alterative pathway genes
and cd1 nitrite reductase were present, the former were considered to be involved in haem d1 biosynthesis. Quinone biosynthesis distribution: ubiquinone is only present in
the Eubacteria domain, mainly in proteobacteria (beta, alpha and gamma classes) and a few actinobacteria. It is an oxygen-dependent pathway being confined to aerobic
organisms. The cyanobacterial ubiguinone hits reflect the presence of genes probably involved in plastoquinone biosynthesis instead. The two MK biosynthesis pathways are
present in both prokaryotic domains although the MK alternative pathway has a broader distribution. The MK alternative pathway is the main pathway in both anaerobic and
aerobic organisms such as archaeoglobi, thermoproteales, chrysiogenetes, deferribacteres, aquifecales, gemmatimonadetes, chlamydiae, fibrobacteres, acidobacteria, deino-
coccus-thermus, epsilonproteobacteria and deltaproteobacteria. The MK (and phylloquinone) ‘classical’ pathway is present in halobacteria, but it was acquired in their
common ancestor by lateral gene transfer [231]. The classical pathway is also present in actinobacteria, gammaproteobacteria, cyanobacteria (PQQ and MK), chlorobia
and bacteroidetes. Sulfolobales have benzothiophene quinone derivatives instead of typical quinones. Haem biosynthesis distribution: with very few exceptions (five out
of 117 archaeal organisms surveyed here), the classical haem pathway is only present in the eubacteria domain. On the contrary, the alternative haem pathway is
mostly confined to archaeal haem containing taxa and a few mostly anaerobic eubacteria (thermodesulfobacteria, gemmatimonadetes, clostridia, fibrobacterales and delta-
proteobacteria). Interestingly, in some methanomicrobiales (organisms that do not contain cytochromes) genes coding for enzymes involved in the alternative haem pathway
are present (Methanoculleus marisnigri JR1, Methanoplanus petrolearius DSM11571 and Methanosphaerula palustris). The role of the genes in these organisms is not clear and
they might be involved in F3q synthesis instead.

stronger the similarities become, and in terms of their antiquity pathway, the most ancient of six CO, fixation pathways
the sulfate reducers lag not far behind. The circumstances that known [73], that they have cytochrome- and quinone-lacking
the acetogens and methanogens share the Wood-Ljungdahl forms (the only such groups among chemiosmotic prokaryotes
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the most recent. Of course, respiratory chains are, generally speaking, ancient, just not as ancient as the bioenergetic processes in acetogens and methanogens that
lack cytochromes or those in sulfate reducers, in our view (see text). The scheme in (f) could correspond to the situation in sulfate reducers; the scheme in (g)

could correspond to the situation in Paracoccus [241] or Rhodobacter [242].

known), that they are replete with FeS proteins [50,60]) as seen
in figure 5, that they live in habitats hardly different from those
on the early Earth [11,30], that their energy metabolism is
centred around flavin-based electron bifurcation [143]—the sol-
uble precursor of the Q-cycle—and that the energetic pillar of
their energy metabolism is low-potential-reduced ferredoxin,

are all best interpreted in our view as evidence reflecting their
ancient and primordial nature. From the standpoint of ener-
getics, it appears possible that life could have evolved from
gases (Hy, CO,, CO, Ny, H,S, SO,) that reacted, with the help
of transition metals, at the solid catalyst phase to produce
aqueous organic compounds. Current views on the changes
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in free energy of biological systems, which are necessarily nega-
tive [14,29,39], as well as changes in entropy, which are close to

zero [245,246], are compatible with that view. The antiquity of

anaerobic chemolithoautotrophs seems as evident today as it
did 40 years ago [44]. The ubiquity of chemiosmotic coupling
as the ultimate source of net energy conservation [151] through-
out the microbial world has, by comparison, come as a surprise.
In the search for life’s start, it is that peculiar energetic attribute
of living things—the strict dependence upon chemiosmotic
coupling—that makes alkaline hydrothermal vents [9] special.
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6 Zusammenfassung der Ergebnisse

Analysen zum Ursprung der Eukaryoten

Es wurden 712 eukaryotische Genfamilien gefunden, welche homologe prokaryotische
Sequenzen besitzen. Alle 571 Genfamilien, in deren phylogenetischen Badumen die
Eukaryoten eine monophyletische Gruppe bildeten, wurden ndher untersucht. In 370 der
rekonstruierten phylogenetischen Bidume wurde eine einzelne prokaryotische Gruppe als
nichster Nachbar zu den Eukaryoten gefunden. Die drei am hiufigsten vorkommenden
Nachbargruppen sind die Euryarchaeota, die Crenarchaeota und die a-Proteobakterien. Alle
anderen Gruppen wurden in geringerer Anzahl gezdhlt. Eine Analyse, die zusitzlich
Informationen {iber die funktionelle Einteilung der entsprechenden Genfamilien
berticksichtigt, zeigt, dass in an informationsverarbeitung beteiligte Genfamilien besonders
archaebakterielle Gruppen als nichste Nachbarn vorkommen und in Genfamilien die am
Stoffwechsel beteiligt sind eher Eubakterien dominieren. Hier stechen die a-Proteobakterien
besonders hervor. In Genfamilien deren kodierte Proteine an Aminosdurentransport und -
verarbeitung beteiligt sind, wurden sie in liberméBiger Zahl als nichste Verwandte zu den
Eukaryoten identifiziert. Eine genauere Betrachtung, welche o-Proteobakterien eine
besondere Rolle spielen, lieferte keine genauen Ergebnisse. Die beiden Gruppen der
Rhodospirillales und der Rhizobiales traten am héufigsten als nédchste Verwandte der

Eukaryoten auf, wenn auch nicht in einem signifikanten Mafe.
Ursachen widerspriichlicher phylogenetischer Signale

Der Vergleich von Daten aus unterschiedlichen taxonomischen Gruppen lieferte keinen
Anhaltspunkt dafiir, dass phylogenetische Baume, welche nah verwandte Spezies enthalten,
besser konservierte interne Knoten enthalten, als solche bei denen die Diversitidt zwischen den
Spezies grofler ist. Alle phylogenetischen Bdume, welche aus verketteten Alignments erstellt
wurden, hatten zwar hohe Bootstrapwerte, aber zeigten wenig Ubereinstimmung mit den
einzelnen Genbdumen, aus deren Daten sie erstellt wurden. Dabei hat die Sequenzlinge der
genutzten Proteine als einziger Parameter einen signifikanten Einfluss auf den Ausgang der
phylogenetischen Analysen. Die Ahnlichkeit von Biumen untereinander in einem Datensatz
ist stark mit der Sequenzldnge korreliert. Gleiches gilt fiir Bootstrapwerte. Die untersuchten

Eukaryotendatensitze wiesen einen wesentlich geringeren Anteil an Nicht-Ubereinstimmung
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auf, als die Prokaryotendaten. Simulationen bestitigten den Einfluss der Sequenzldange auf
den Ausgang der phylogenetischen Analyse und lieferten Anhaltspunkte dafiir, wonach die
Konstruktion des Alignments keinen entscheidenden Schritt darstellt, was die Ahnlichkeit der

erstellten phylogenetischen Baume angeht.

Metalloproteine als alternative phylogenetische Marker

Es wurden 1606 prokaryotische Proteome auf das Vorhandensein von Eisen-Schwefel-Cluster
(4Fe-4S) Sequenzmotiven hin untersucht. Eine iiberdurchschnittliche Anzahl dieser Proteine
wurde dabei fiir folgende Gruppen ermittelt: Archaeoglobales, methanogene Archaebakterien,
Coriobacteriales, Dehalococcoidetes, Deferribacteres, Clostridia, Fusobacteria,
Deltaproteobacteria und Thermodesulfobacteria. Alle diese Gruppen sind entweder
methanogen, acetogen oder sulfat-reduzierend. Eine erhdhte Anzahl an 4Fe-4S Motiven war
stets mit dem Vorhandensein entweder der Heterodisulfid Redukatse Unterheinheit
(HdrABC) oder der Quinon-interagierenden membrangebundenen Oxidoreduktase
Untereinheit (QmoABC) verbunden. Beide Proteine sind an der Sulfatreduktion beteiligt, und
ihr vorkommen in den beiden erwédhnten beiden Gruppen, konnte fiir einen gemeinsamen

Ursprung sprechen.

Schlussbemerkung

Die vorliegenden Ergebnisse der phylogenetischen Analysen weisen darauf hin, dass
komplexe evolutionire Vorgiange, wie die Entstehung der Eukaryoten, nicht nur mit einfachen
phylogenetischen Bdumen zu beschreiben sind. Besonders die hdufig genutzten verketteten
Sequenzdaten, welche dann als einzelne phylogenetische Bdume dargestellt werden, haben
eine geringere Glaubwiirdigkeit als gewiinscht. Griindliche Analysen sollten daher so viele
verschiedene Daten, z.B. eine moglichst groe Anzahl an Taxa miteinbeziehen und sich nicht
auf eine Gruppe bestimmter Gene beschrinken. Denn dies kann dazu fiihren, dass nur ein

kleiner Ausschnitt der tatsdchlichen evolutionidren Vorgédnge betrachtet wird.
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8.1 Anhang zu Thiergart et al. (2012)
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8.2 Anhang zu Thiergart et al. (2014)
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