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1 Zusammenfassung

Der Ursprung des komplexen Lebens durch die Eukaryogenese bildet einen
Meilenstein in der evolutiondren Entwicklungsgeschichte. Wenngleich das Wissen
Uber heute lebende Eukaryoten kontinuierlich wachst, sind deren Ursprung, sowie
frihen Merkmale weiterhin intensiv diskutierte Fragestellungen. Diverse, zum Teill
ganzlich unterschiedliche Theorien tUber den Ursprung der Eukaryoten wurden in den
letzten Jahrzehnten aufgestellt und bis heute weder einstimmig angenommen, noch
verworfen. Diese Theorien kbnnen mit molekularen Daten geprift werden.

Im Rahmen der vorliegenden Arbeit werden neun Merkmale des letzten
gemeinsamen Vorfahrens aller heute lebenden Eukaryoten (LECA) rekonstruiert und
in den Kontext der Eukaryogenese gebracht. Dabei wird deutlich, dass LECA bereits
im Besitz von Mitochondrien war und diese nicht Uber Phagozytose aufgenommen
wurden. Des Weiteren zeigt sich, dass eine Mehrkernigkeit von LECA nicht nur
rekonstruiert wurde, sondern auch im Zusammenhang mit der rekonstruierten
geschlossenen Mitose evolutionére Vorteile geschaffen hat. Diese Rekonstruktionen
geben einen neuen Blickwinkel auf mbgliche Theorien der Eukaryogenese, indem sie
gegen Modelle sprechen, die ein spéates Auftreten der Mitochondrien beschreiben und
Phagozytose als Prozess fur die Aufnahme der Mitochondrien ausschlieBen.

In einer weiteren Analyse beschaftigt sich diese Arbeit mit der
Wahrscheinlichkeit sogenannter ,letzte Hinterbliebene“-Topologien in Eukaryoten, die
aufgrund von differentiellen Genverlust anstelle von lateralen Gentransfers (LGTs) von
Prokaryoten zu Eukaryoten entstanden sind. Als ,letzte Hinterbliebene® werden Gene
bezeichnet, die in nur einer einzigen Spezies oder monophyletischen Gruppe in
Eukaryoten vorkommen und eine Vielzahl von prokaryotischen Homologen aufweisen.
Es zeigt sich, dass die statistische Anzahl dieser Topologien infolge von Genverlust
nicht gering ist und sich in verschiedenen Beispielen mit der Anzahl vermeintlicher
LGTs in der Literatur deckt.



2 Abstract

2 Abstract

The origin of complex life through eukaryogenesis represents a major transition in
evolutionary history. Although knowledge about eukaryotes living today is constantly
growing, their origin and the characteristics of the earliest eukaryotic cells are still the
subject of intense debate. A number of different theories about the origin of eukaryotes
have been put forward in the literature, yet no consensus view on the topic has
emerged. These theories can be tested with molecular data.

In the present thesis, nine characteristics of the last common ancestor of all
eukaryotes living today (LECA) are reconstructed and placed in the context of
eukaryogenesis. It becomes clear that LECA was already in possession of
mitochondria and that these were not taken up via phagocytosis. Furthermore, the
multinucleate state of LECA was not only reconstructed, but it was also shown to
provide evolutionary advantage in the context of the reconstructed closed mitosis.
These reconstructions provide a new perspective on possible theories of
eukaryogenesis by rejecting models that describe a late appearance of mitochondria
and by excluding phagocytosis as a process for mitochondrial uptake.

In a further analysis, this work deals with the likelihood of so-called “last-one-
out” topologies in eukaryotes that have arisen due to differential gene loss instead of
lateral gene transfers (LGTs) from prokaryotes to eukaryotes. Genes that occur in only
one species or monophyletic group in eukaryotes and have a large number of
prokaryotic homologs are referred to as “last-one-out”. It turns out that the statistical
number of these topologies due to gene loss is not small and in various examples

corresponds to the number of putative LGTs in the literature.
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3.1 Der Ursprung von einfachen Zellen (Prokaryoten)

Alle Lebensformen sind als Zellen organisiert. Biologen unterscheiden zwei
grundlegend verschiedene Klassen von Zellen, gemessen an der Organisation und
Komplexitat: Prokaryoten und Eukaryoten. Zu den Prokaryoten werden die Bakterien
und die Archaeen gezahlt. lhre Zellen sind i.d.R. klein (ca. 1-2 ym Durchmesser) und
sehr einfach organisiert, inre DNA liegt frei im Zytosol, subzellulare Kompartimente wie
der Zellkern fehlen (Vellai und Vida 1999). Die Zellen der Eukaryoten sind grundlegend
anders organisiert als die der Prokaryoten. Eukaryotische Zellen sind gréBer, (ca. 10-
100 ym Durchmesser), sind von einer komplexen Endomembransystem durchzogen,
und ihre DNA liegt nicht frei im Zytosol, sondern ist stets im Zellkern lokalisiert (Vellai
und Vida 1999). Theorien Uber den Ursprung der Zellen sind &lter als Theorien Uber
den Ursprung eukaryotischer Zellen, weil die Unterscheidung zwischen
prokaryotischer und eukaryotischer Organisationsform ist erst in den 1930er Jahren
durch Chatton erfolgt (Katscher 2004).

In seinem Werk ,,Uber die Entstehung der Arten® (engl. On the origin of species
by means of natural selection) hat Charles Darwin nicht die Frage nach dem Ursprung
des Lebens gestellt (Darwin 1860). Trotz seiner detaillierten Konzepte Uber die
Abstammung und Selektion verschiedener Arten, vertrat er in seinem Buch die
Ansicht, dass das Leben vermutlich einen Ubernatirlichen Ursprung hat (Darwin
1860). In einer Korrespondenz an seinen Freund Joseph Hooker formulierte er 1871

seine Theorie Uber den ,kleine, warmen Tumpel“ (engl. warm little pond):

» But if (& oh what a big if) we could conceive in some warm little pond with
all sorts of ammonia & phosphoric salts, - light, heat, electricity &c present,
that a protein compound was chemically formed, ready to undergo still more
complex changes, at the present day such matter wd be instantly devoured,
or absorbed, which would not have been the case before living creatures
were formed.”

Charles Darwin — Brief an Joseph Hooker vom 1. Februar 1871 (Darwin

Correspondence Project, “Letter no. 7471”)
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Eine Theorie zum Ursprung der ersten Zellen stammt von Ernst Haeckel. Dieser
beschrieb in seinem Werk ,Generelle Morphologie der Organismen Erster Band:
Allgemeine Anatomie der Organismen® den Ursprung des Lebens als Selbstzeugung.
In dieser bildeten sich die sogenannten Moneren, welche er als ,,organische Individuen
einfachster Art“ betitelte, aus anorganischem Material (Haeckel 1866a, S. 179f).

Die nachste nennenswerte Theorie Uber den Ursprung des Lebens entwickelte
sich erst ein halbes Jahrhundert spéater. Fast zeitgleich verdffentlichten der britische
Biologe John B. S. Haldane und der russische Biochemiker Aleksandr I. Oparin
unabhangig voneinander ihre Theorie einer Ursuppe. Haldane beschrieb eine primitive
Atmosphére bestehend aus viel Kohlenstoffdioxid und wenig bis keinen Sauerstoff.
Diese Atmosphéare sorgte laut Haldane daflr, dass UV-Strahlen ungehindert auf die
Ozeane treffen konnten. In seiner Theorie fuhrte diese externe Energie im
Zusammenspiel mit Wasser, Kohlenstoffdioxid und Ammoniak zur Bildung von einer
Vielzahl an organischen Verbindungen (Haldane 1929). Diese Verbindungen wurden
mit der Zeit komplexer, bis sich die ersten lebenden Partikel entwickelten, welche sich
dann von den weiteren organischen Verbindungen in dieser Ursuppe erndhrten
(Haldane, 1929). Oparin beschrieb ebenfalls, dass organische Verbindungen mit der
Zeit komplexer wurden und sich daraus schlieBlich Koazervate bildeten (Oparin 1938).
Die Ursuppentheorie von Haldane und Oparin setze sich damit klar von der zuvor
beschriebenen Theorie von Haeckel ab. Wahrend Haeckel eine zuféllige
Selbstzeugung von Organismen aus nicht-lebender Materie beschrieb, flihrten
Haldane und Oparin die schrittweise Bildung einfachster Organismen aus organischen
Verbindungen auf. Eine zuféllige Selbstzeugung ,unter dem Einfluss irgendeiner
physikalischen Kraft und irgendwelchen unbekannten Bedingungen® (Oparin, 1938 S.
60) aus nicht-lebender Materie zu einem lebenden Organismus war laut Oparin nicht
mdglich (Oparin, 1938).

Eine Simulation dieser Ursuppentheorie gelang 1953 Stanley L. Miller. Er
simulierte die Bedingungen, die sein Doktorvater Harold C. Urey ein Jahr zuvor
aufstellte, in dem heute unter dem Namen Miller-Urey-Experiment bekannten
Versuchsaufbau (Miller, 1953). Im Gegensatz zu den Theorien von Haldane und
Oparin vermutete er keinen Kohlenstoffdioxid in der Atmosphéare, sondern ein Gemisch

aus Methan, Ammoniak, Wasser und Wasserstoff (Urey, 1952). Der Versuchsaufbau
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simulierte die vermutete Atmosphéare und setzte diese in einem zirkulierenden Aufbau
elektrischer Entladungen aus. Dabei fungierten Lichtbégen als Energiequelle (Miller,
1953). Es gelang ihnen, geringe Mengen an Aminosauren, sowie weitere unbekannte
Verbindungen nachzuweisen (Miller, 1953).

Heutzutage gehen viele Wissenschaftler davon aus, dass das Leben in
Hydrothermalquellen entstanden ist, wobei es auch andere Theorien wie etwa die
Theorie der RNA-Welt gibt, welche davon ausgeht, dass das urspriingliche Leben aus
RNA hervorgegangen ist. (Noller et al. 1992, Bartel und Szostak 1993). Bei
Hydrothermalquellen unterscheidet man hé&ufig zwischen den sogenannten
Schwarzen Rauchern und WeiBen Rauchern. Beide Arten von Hydrothermalquellen
findet man auf dem Meeresgrund in der Néhe von Spreizungszonen, die durch
tektonische Plattenverschiebungen entstehen. Schwarze Raucher sind in
unmittelbarer Néhe zu diesen Spreizungszonen zu finden. Die vorliegende
Wassertemperatur innerhalb der Schwarzen Raucher liegt aufgrund der durch die
Erdkruste aufsteigenden Magma bei bis zu 400 °C (Jupp und Schultz 2000).
AuBerdem ist das aus den Schloten der Schwarzen Raucher ausstrémende Wasser
reich an Kohlenstoffdioxid, Ammoniak und Wasserstoff (Corliss et al. 1981). Die
vorherrschenden Bedingungen fihrten dazu, dass 1981 eine erste Theorie Uber den
Ursprung des Lebens an diesen heiBen Hydrothermalquellen aufgestellt wurde
(Corliss et al. 1981). Der gréBte Kritikpunkt an dieser Theorie war die extreme Hitze
innerhalb der Hydrothermalquelle. Diese wirde dafir sorgen, dass die in der Theorie
beschriebene Bildung von Aminosduren aufgrund der durch die Temperatur
einhergehenden Instabilitdt dieser Verbindungen nicht vonstattengehen kdnnte
(Bernhardt et al. 1984).

Die Entdeckung von ,Lost City“, einem Feld von Tiefseehydrothermalquellen
hatte Einfluss auf Theorien zum Ursprung des Lebens. Diese Hydrothermalquelle
konnte mit ihren spezifischen Bedingungen eine Alternative gegenuber jener Kritik am
Ursprung des Lebens in Schwarzen Rauchern liefern (Kelley et al. 2001). Durch die
Distanz von Hydrothermalquellen wie etwa ,Lost City“ zur Spreizungszone sind die
Temperaturen dort deutlich kuhler und liegen zwischen 40-90 °C und damit in einem
optimalen Bereich fir den Prozess der Serpentinisierung, welcher eine gro3e Rolle bei
der Produktion von Wasserstoff spielt (Russel et al. 2010). Bei der Serpentinisierung

wird Wasser durch eisenhaltige Mineralien zu Wasserstoff reduziert. Dabei werden
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Hydroxidionen freigesetzt, die das gefuhrte Wasser der Hydrothermalquellen alkalisch
machen. Der Wasserstoff spielt eine entscheidende Rolle fir den Ursprung des
Lebens, da er als Reduktionsmittel zur Fixierung von Kohlenstoffdioxid vermutet wird
(Martin und Russel 2003, Preiner et al. 2020, Wimmer et al. 2021c). Zudem ist die
Lebenszeit dieser karbonatreichen Schornsteine aufgrund der Distanz zur
Spreizungszone deutlich héher als bei Schwarzen Rauchern (Kelley et al. 2001). Im
Gegensatz zu weiBen und schwarzen Rauchern stoBen Hydrothermalquellen wie
,Lost City“ keinen Rauch aus (Rona et al. 1986, Kelley et al. 2005). Es besteht heute

Einvernehmen unter Biologen, dass die ersten Zellen Prokaryoten waren.

3.2 Der Ursprung von komplexen Zellen (Eukaryoten)

Die Entstehung der Eukaryoten ist erdgeschichtlich ca. 2 Milliarden Jahre vom
Ursprung der Prokaryoten entfernt. Heute geht man davon aus, dass Eukaryoten aus
Prokaryoten entstanden sind. Uber die Mechanismen der Eukaryogenese wird noch
kontrovers diskutiert. Annahmen Uber den Zeitpunkt der Entstehung der Eukaryoten,
sowie der Lebzeit des letzten gemeinsamen eukaryotischen Vorfahrens variieren,
jedoch wird deutlich, dass dieses Ereignis mindestens ca. 1,5 Milliarden Jahre
zurlckliegt (Parfrey et al. 2011, Chernikova et al. 2011). Andere Schatzungen gehen
von einem Zeitraum von 1,8 bis 2,7 Milliarden Jahren aus, in welchem Uber hunderte
Millionen von Jahren der Ubergang von Prokaryoten zu Eukaryoten stattfand (Betts et
al. 2018, Mahendrarajah et al. 2023). In einer weiteren Analyse wird anhand von
Fossilienfunden beschrieben, dass vor 1,5 Milliarden Jahren bereits eukaryotische
Mikroorganismen die Okologischen und zytoskelettalen Voraussetzungen fur die
eukaryotische Diversifizierung entwickelt hatten (Javaux et al. 2001). Zuséatzlich zur
Frage nach dem Zeitpunkt der Entstehung, gibt es aktuell keinen wissenschaftlichen
Konsens uber die direkten Vorfahren der Eukaryoten, sowie den Prozess ihrer
Entstehung. Wé&hrend manche Theorien grundsatzlich ahnlich sind und sich nur in
Nuancen unterscheiden, sind Andere grundlegend verschieden und miteinander nicht
vereinbar. So wurde unter anderem im Jahre 1999 diskutiert, ob nicht etwa die
Prokaryoten aus den Eukaryoten entstanden sind und nicht wie der wissenschaftliche
Konsens heutzutage beschreibt, dass die Eukaryoten sich aus den Prokaryoten

entwickelten (Forterre und Phillippe 1999, Poole et al. 1999).
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3.2.1 Endosymbiontentheorie

Bereits 1905 verdffentlichte Konstantin Mereschkowsky eine Theorie Uber den
symbiontischen Ursprung von Chromatophoren (Mereschkowsky 1905). Wahrend
Mereschkowsky zwar einen endosymbiontischen Ursprung der heute unter dem
Namen Chloroplasten besser bekannten Zellorganellen nachweisen konnte, war es
ihm nicht moglich, die gleichen Schliisse Uber die Entstehung der Mitochondrien zu
ziehen (Martin et al. 2015). Die ersten Theorien Uber den endosymbiontischen
Ursprung der Mitochondrien wurden von Portier und Wallin aufgestellt. Portier
beschrieb in franzdsischer Sprache seine Theorie der Verwandtschaft zwischen
Bakterien und Mitochondrien (Sapp 1994) und dass diese in einer Vielzahl an
Prozessen in der eukaryotischen Zelle involviert sind (Martin et al. 2015). Wallin
erkannte ebenfalls die Verwandtischaftsbeziehungen zwischen Bakterien und
Mitochondrien und formulierte, dass Mitochondrien von endosymbiontischen Bakterien
abstammten (Wallin, 1927). Zudem beschrieb Wallin die Méglichkeit, dass Gentransfer
zwischen dem bakteriellen Symbionten und der Wirtszelle stattfinden konnte. Dies
kdénnte dafur sorgen, dass der bakterielle Symbiont eine vollumfangliche Symbiose mit
der hoher entwickelten Wirtszelle eingeht und dieser unter bestimmten
Voraussetzungen einen Selektionsvorteil verschafft (Wallin, 1925)

Obwohl endosymbiontische Hypothesen tber die Urspriinge von Chloroplasten
und Mitochondrien zu Anfang des 20. Jahrhunderts sehr viel Anklang fanden (Sapp
1994), wurden diese in der Betrachtung lange vernachlassigt, bis sie 1967 wieder ins
Zentrum der Evolutionsforschung gertckt wurden. Lynn Margulis, damals unter dem
Namen ,Lynn Sagan®, stellte die Hypothese auf, dass Mitochondrien,
photosynthetische Plastide, sowie die Basalkdrper der Flagellen friher einmal selbst
freilebende (prokaryotische) Zellen waren (Sagan 1967). Die Idee eines
endosymbiontischen Ursprungs von Mitochondrien und Plastiden war nicht neu,

jedoch formulierte Margulis hier eine erste umfassende Theorie der Eukaryogenese.

3.2.2 Phagozytose oder nicht Phagozytose

1967 beschrieb Lynn Margulis nicht nur ihre Hypothese Uber den prokaryotischen
Ursprung von Mitochondrien, photosynthetischen Plastiden, sowie den Basalkdrpern

der Flagellen, sondern auch eine erste Theorie Uber den Prozess, wie diese
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prokaryotischen Symbionten in die spéateren eukaryotischen Zellen aufgenommen
wurden. Als ausschlaggebenden Grund firr derartige Symbiosen nannte Margulis das
Auftreten von freiem Sauerstoff in der Atmosphéare, welcher als Nebenprodukt der
Photosynthese entstand (Sagan, 1967). Dies fuhrte zu einer Krise, denn alle Zellen,
die diesem freien Sauerstoff nun ausgesetzt waren, mussten sich entweder an eine
Atmosphéare mit Sauerstoff anpassen oder aber in speziellen anaeroben Nischen
leben. Der erste Schritt fur die Entstehung der Eukaryoten war laut Margulis eine
Symbiose, die dieses Problem Iésen sollte. Dabei wurde eine aerobe prokaryotische
Mikrobe (das Protomitochondrium) in das Zytoplasma eines heterotrophen
Anaerobiers aufgenommen. Diese beschriebene Endosymbiose wurde obligat und
bildete den ersten aeroben amdboiden Organismus (Sagan, 1967). In einer weiteren
Symbiose nahmen diese Organismen bewegliche Prokaryoten auf, welche daraufhin
die erste Form einer primitiven GeiBelamdbe bildeten. Innerhalb dieser GeiBelamdben
entwickelte sich nach Margulis die klassische Mitose (Sagan, 1967).

Den genauen Mechanismus dieser Aufnahme von verschiedenen Symbionten
beschreibt Margulis nicht, jedoch benutzt sie fur ihre Beschreibung zumeist den
Terminus ,ingestion®, welcher Ubersetzt ,Nahrungsaufnahme® bedeutet und beschreibt
somit Phagozytose. Dies ist der Prozess bei dem Eukaryoten Uber eine Einstulpung
ihrer Plasmamembran Partikel mit einer GréBe von tuber 0,4 Mikrometer erkennen und
umflieBen kdnnen. Phagozytose ist ein weit verbreiteter Prozess innerhalb der
Eukaryoten, welcher fir die Aufnahme und anschlieBender inneren Verdauung von
Nahrungsteilchen genutzt wird (Martin et al. 2017, Mills 2020). Dieser Prozess wird in
vielen weiteren Theorien als Mechanismus fur die Aufnahme von Mitochondrien
aufgegriffen. Dabei wird in fast allen Theorien der mitochondriale Vorfahre als
unverdaute Mahlzeit angesehen (Doolittle 1998, Cavalier-Smith 2002, Roger et al.
2017, Poole und Gribaldo 2014). In einer weiteren Theorie, die Phagozytose als
Ursprung der Eukaryoten sieht, beschreibt Cavalier-Smith, dass Phagozytose nicht
etwa in Form einer Endosymbiose fur die Entstehung der Mitochondrien zustéandig war,
sondern durch eine Umstrukturierung von Membranen das Organell in einem

cyanobakteriellen Vorfahren der Eukaryoten erschuf (Cavalier-Smith 1975).
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3.2.3 Heutige Theorien der Eukaryogenese

Heutige Theorien und Modelle der Eukaryogenese lassen sich grundsatzlich in drei
Kategorien einteilen, welche nach dem zeitlichen Auftreten der Mitochondrien wahrend
der Eukaryogenese kategorisiert werden: ,Mitochondrien zuerst* (engl. mitochondria
first), ,Mitochondrien intermediar”, sowie ,Mitochondrien spat‘ (engl. mitochondria
late). Die Wasserstoff-Hypothese von Martin und Miller (1998) gehért zu den
Modellen, bei denen die Mitochondrien an den Anfang der Eukaryogenese gesetzt
werden. Die Theorie beschreibt eine Symbiose zwischen einem anaeroben,
autotrophen Archaeon, welches Wasserstoff bendétigt und einem heterotrophen a-
Proteobakterium, welches Wasserstoff erzeugt. Die Stoffwechsel-bedingte Symbiose
dieser beiden Organismen legte den Grundstein fur die Ausbildung aller weiterer
eukaryotischen Merkmale (Martin und Muller 1998).

Die Modelle, die ein intermediares Auftreten der Mitochondrien schlussfolgern,
gehen davon aus, dass die Mitochondrien weder fur den Beginn der Eukaryogenese
nétig sind, noch dass diese als eine der letzten Schritte die Eukaryogenese
abschlieBen. Das ,Von innen nach auBen“-Modell (engl. inside-out model) steht
kontrar zu vielen anderen Modellen. Hierbei bildet die Wirtszelle kleine Blaschen und
gibt diese Uber ihre Zellwand ab. Diese Blaschen dienten zum Austausch von Stoffen
mit den proto-Mitochondrien. Im Laufe der Zeit umschlossen diese Blaschen die proto-
Mitochondrien und bildeten das Zytoplasma, das endoplasmatische Retikulum und
eine kontinuierliche Plasmamembran (Baum und Baum 2014; Baum und Baum 2020).
Da bei diesem Modell ein komplexes Zytoskelett und Endomembransystem fir die
Symbiose nétig ist, spricht man hier von einem intermedidaren Auftreten der
Mitochondrien.

Das Gegenstrom-Modell (engl. reverse-flow model) beschreibt eine archaeale,
organo-heterotrophe Wirtszelle, die a-Proteobakterien als Senke fir Elektronen
bendtigt (Spang et al. 2019). Eine zeitliche Einordnung der Entstehung einzelner
Zellorganelle wird in diesem Modell zwar nicht diskutiert, jedoch wird eine
UmschlieBung der a-Proteobakterien durch Zellauslaufer vorgeschlagen, die fur einen
effizienteren Austausch der Elektronen gesorgt haben kénnte (Spang et al. 2019).

Eine letzte Theorie fur ein intermediares Auftreten der Mitochondrien ist das E3-

Modell. Diese Theorie wurde von Imachi et al. (2020) infolge der ersten erfolgreichen
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Kultivierung eines Asgard-Archaeons aufgestellt. Dabei geht die Wirtszelle, ein
syntrophisches, fermentatives Archaeon eine Symbiose mit einem Sulfat-
reduzierenden Bakterium, sowie mit einem aeroben, organotrophen a-
Proteobakterium ein. Das o-Proteobakterium wurde dabei von
Membranerweiterungen der Wirtszelle umschlossen und bildete einen Vorlaufer des
Mitochondriums. Die Symbiose mit dem Sulfat-reduzierenden Bakterium war derweil
nur kurzlebig und wurde sukzessive wieder verloren (Imachi et al. 2020).

Die Modelle fiir ein spates Auftreten der Mitochondrien setzen den Ursprung
der Mitochondrien an das Ende der Eukaryogenese. Ein erstes Beispiel hierfur ist das
Modell des phagozytierenden Archaeons (engl. PhAT) von Martijn und Ettema (2013).
Dieses Modell beschreibt die Aufnahme eines anzestralen Mitochondriums durch ein
heterotrophes, phagozytierendes Archaeon. Das Mitochondrium wurde nicht verdaut,
sondern bildete mit der Wirtszelle eine Symbiose. Fur eine derartige Aufnahme des
Symbionten ist bereits vorher eine Ausbildung eines komplexen Zytoskeletts, sowie
eines Endomembransystems in diesem Modell zwingend notwendig (Martijn und
Ettema 2013). Martijn und Ettema (2013) waren zudem der Ansicht, dass sich vor der
Aufnahme des Endosymbionten der Zellkern gebildet haben muss, weil dieser eine
Barriere gegenuber durch Phagozytose aufgenommene DNA bildet. Diese spezifische
Reihenfolge an Events ist jedoch keine zwingend erforderliche Voraussetzung fur
dieses Modell, da das Mitochondrium zu jedem Zeitpunkt nach der Ausbildung der
Phagozytose aufgenommen werden konnte (Donoghue et al. 2023).

Ein weiteres Modell, welches ein spates Auftreten der Mitochondrien
beschreibt, ist die Syntrophie-Hypothese (Moreira und Lépez-Garcia 1998). Dabei wird
in diesem Modell eine Symbiose zwischen einem Wasserstoff-produzierenden
Archaeon, einem Sulfat-reduzierenden Deltaproteobakterium, sowie einem fakultativ
aeroben, Sulfid-oxidierenden Alphaproteobakterium beschrieben. Das Archaeon bildet
den spateren Zellkern, das Deltaproteobakterium fungiert als Wirtszelle und das
Alphaproteobakterium entwickelt sich zum spéateren Mitochondrium (Moreira und
Lépez-Garcia 1998; Lopez-Garcia und Moreira 1999; Lopez-Garcia und Moreira
2020). In der zeitlichen Abfolge wird in dieser Theorie zuerst das Archaeon in das
Deltaproteobakterium aufgenommen und bildet den Zellkern, bevor die Syntrophie mit

dem Alphaproteobakterium eingegangen wird.
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Das letzte hier zu nennende Modell Gber ein spates Auftreten der Mitochondrien
ist die serielle Endosymbiontentheorie (engl. serial endosymbiotic theory, SET). Diese
Theorie wurde mit kleinen Abwandlungen von einer Vielzahl von Wissenschaftlerinnen
und Wissenschaftlern publiziert. Die wahrscheinlich bekannteste, jedoch nicht erste
Version stammt von Lynn Margulis und wurde in mehreren Publikationen von ihr
verfeinert (Sagan 1967, Margulis 1970, Margulis und Fester 1991, Margulis et al.
2006). Nach dieser Theorie war die eukaryotische Zelle das Produkt von einer Reihe
an langwierigen endosymbiontischen Verbindungen zwischen der anaeroben
Wirtszelle und verschiedenen bakteriellen Symbionten. Die bakteriellen Symbionten
sind hierbei der cyanobakterielle Vorfahre der Chloroplasten, sowie der
alphaproteobakterielle Vorfahre der Mitochondrien (Margulis 2004). Obwohl auf einige
wichtige Details in dieser Theorie nicht eingegangen wird, Iasst sich schlieBen, dass
die eukaryotische Zelle zuerst ein komplexes Zytoskelett, ein Endomembransystem
und einen Zellkern besessen haben muss, bevor das Mitochondrium aufgenommen
werden konnte (Donoghue et al. 2023). Die serielle Endosymbiontentheorie ist somit
klar den Modellen zuzuschreiben, die ein spates Auftreten der Mitochondrien

beschreiben.

3.3 Der letzte gemeinsame eukaryotische Vorfahre

Der letzte gemeinsame eukaryotische Vorfahre (engl. last eukaryotic common
ancestor, kurz LECA) beschreibt den Vorfahren aller heute lebenden eukaryotischen
Organismen und gilt als wichtiges theoretisches Konstrukt in der Erforschung
eukaryotischer Evolution. Dabei ist es moglich Uber die Merkmale von LECA
Ruckschlisse auf die Evolutionsgeschichte und explizit der Entstehung der
Eukaryoten zu ziehen. Obwohl das Konzept LECA immer mehr in das Zentrum der
eukaryotischen Evolutionsforschung fallt, gibt es weiterhin viele offene
Fragestellungen und strittige Themenfelder. Prinzipiell lassen sich die rekonstruierten
Merkmale von LECA in zwei Gruppen unterteilen: Merkmale, die aufgrund universeller
Verbreitung innerhalb heute lebender Eukaryoten auf den gemeinsamen Vorfahren
zurickzufihren sind und Merkmale, die aufgrund von vielféltigen Ausprégungen

innerhalb heute lebender Eukaryoten nicht eindeutig zu rekonstruieren sind.
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Der Konsens attestiert LECA den Besitz von Mitochondrien (Lane und Martin
2010), einen Zellkern (Mans et al. 2004, Bapteste et al. 2005, Neumann et al. 2010),
ein endoplasmatisches Retikulum (Kontou et al. 2022), lineare Chromosomen mit
Zentromeren (Ishikawa und Naito 1999, van Hooff et al. 2017), Flagellen (Carvalho-
Santos et al. 2011, Lindemann 2022), ein Mikrotubuli-organisierendes Zentrum
(Yubuki und Leander 2013), einen Nukleolus (Gardner et al. 2010, Hoeppner und
Poole 2012), sowie die Fahigkeit zur sexuellen Fortpflanzung mittels Meiose
(Villeneuve und Hillers 2001, Loidl 2016). Viele weitere Merkmale von LECA, die
innerhalb von Eukaryoten in verschiedensten Variationen auftreten, sind bisher nicht
in den wissenschaftlichen Konsens aufgenommen worden und werden auch
heutzutage in grundlegend gegensatzlichen Theorien beschrieben. Wie in Abschnitt
3.1 bereits beschrieben, ist die Phagozytose eines der Merkmale, die auch heute noch
nicht tbereinstimmend LECA zugeordnet bzw. aberkannt werden kann. Wahrend sich
in vielen Theorien der Prozess der Nahrungsaufnahme bereits in der archaealen
Wirtszelle entwickelt haben muss (Doolittle 1998, Spang et al. 2015, Zaremba-
Niedzwidzka et al. 2017, Vosseberg et al. 2021), ist diese Annahme nicht mit
gefundenen Mikrofossilien (Mills 2020), sowie aus einem physiologischen Standpunkt
vereinbar (Martin et al. 2017). Ein weiteres bislang umstrittenes Merkmal von LECA ist
dessen Mehrkernigkeit. Es zeigt sich sogar, dass LECA in den meisten Fallen als
einzelliger Organismus mit nur einem Kern dargestellt wird (Gould und Dring 1979,
Cavalier-Smith 1987, Lake und Rivera 1994, Gupta und Golding 1996, Horiike et al.
2004, Martijn und Ettema 2013, Martin et al. 2015, Imachi et al. 2020). Diese Annahme
wird zudem meist nicht in Frage gestellt und gilt dementsprechend bei vielen
Wissenschaftlern als Konsens (Garg und Martin 2016).

Eine Mehrkernigkeit in LECA hétte jedoch groBe evolutiondre Vorteile mit sich
gebracht. Bei dem Ubergang von einer prokaryotischen zu einer eukaryotischen Zelle
mussten bei vielen Prozessen innerhalb der Zelle, aber auch der Teilung der
Chromosomen, sowie der Zellteilung, Anpassungen vorgenommen werden. Da diese
Anpassungen nicht nach einer zuvor erstellten Anleitung vonstattengehen kdnnen,
sondern das Ergebnis zufalliger Mutationen sind, kann es dazu fihren, dass etwaige
bendtigte Mutationen auf dem Weg zu den heutigen Prozessen zuerst einen
Selektionsnachteil hervorrufen, bevor sich durch weitere darauffolgende Mutationen

ein Selektionsvorteil bildet. Sind nun mehrere Zellkerne in einer Zelle vorhanden,
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kénnen diese schadlichen Mutationen innerhalb eines Zellkerns im Zytosol durch
mRNA anderer Zellkerne ausgeglichen werden. Dies héatte zur Folge, dass der
Ubergang der prokaryotischen zur eukaryotischen Chromosomenteilung abgepuffert
werden wurde. Zudem wurde dieser Prozess dadurch von der evolutionaren Hurde
des Ubergangs von der prokaryotischen zur eukaryotischen Zellteilung, sowie der
Chromatinorganisation wahrend des Zellzyklus entkoppelt werden (Brunk und Martin
2019). Trotz dieser Vorteile und einer nachgewiesenen Verbreitung von mehrkernigen
Organismen in allen eukaryotischen Supergruppen (Archibald et al. 2017, AdI et al.

2019), ist die Mehrkernigkeit von LECA weiterhin mehr als umstritten.

3.4 Lateraler Gentransfer

Der laterale Gentransfer (LGT), auch oft als horizontaler Gentransfer (HGT)
bezeichnet, spielt eine entscheidende Rolle in der Evolution von Prokaryoten. LGT ist
zudem fur die Rekombination in Prokaryoten hauptverantwortlich und dabei immer
unidirektional. Durch die Vielzahl an LGTs innerhalb der Bakterien und Archaeen ist
es bei Prokaryoten durchaus schwierig die Verwandtschaftsbeziehungen dieser in
einem klaren phylogenetischen Baum darzustellen. Aufgrund dieser Problematik
haben einige Wissenschaftler die Metapher eines Netzwerks fur die Erklarung der
Verwandtschaftsbeziehungen ins Spiel gebracht (Doolittle 1999, Blais und Archibald
2021).

Bei Prokaryoten gibt es drei prinzipielle Mechanismen die LGT hervorrufen:
Transformation, Transduktion und Konjugation (Jones und Sneath 1970). Die
Transformation beschreibt hierbei die Aufnahme von freier Desoxyribonukleinsaure
(DNA) aus der Umgebung. Dieser Prozess beglnstigt den Austausch von
genetischem Material zwischen entfernt verwandten Organismen (Ochman et al.
2000). Als Transduktion wird der Transfer von DNA mittels Bakteriophagen
gekennzeichnet. Die Bakteriophagen haben sich dabei in Spenderzellen reproduziert
und Fragmente von DNA in ihr Kapsid aufgenommen. Die Menge wird dabei durch die
GrdBe des Kapsids limitiert, kann jedoch bis zu 100 Kilobasen betragen (Ochman et
al. 2000). Die Ubertragung von DNA ist bei der Transduktion wie bereits bei der
Transformation nicht davon abhangig, dass die Spenderzelle, sowie die

Empfangerzelle zeitgleich am selben Ort vorhanden sein missen. Im Gegensatz
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hierzu ist bei der Konjugation ein physischer Kontakt zwischen der Spenderzelle und
der Empfangerzelle notwendig. Dabei wird tGber eine Konjugationsbricke ein Plasmid
von der Spenderzelle in die Empféngerzelle tUbertragen und in das dortige Genom
integriert. Zusatzlich zu diesen drei Mechanismen gibt es weitere ,nicht-kanonische*
Prozesse, welche LGT Uber Vesikel, Nanoréhrchen und Phagen-ahnliche
Gentransfer-Agenten (engl. gene transfer agents) hervorrufen (Arnold et al. 2022).

Wahrend LGT in Prokaryoten kontinuierlich nachgewiesen und sogar mit dem
eigenen Auge beobachtet werden kann, ist dies von Prokaryoten zu Eukaryoten nicht
moglich. Deshalb ist es von Vorteil, die Betrachtung von LGT zu Eukaryoten in zwei
Bereiche zu unterteilen. Hierbei wird zwischen zwei Arten von LGT unterschieden:
LGT von den Vorfahren der Mitochondrien und Chloroplasten zur Wirtszelle wahrend
der Endosymbiose, sowie kontinuierliche LGTs von Prokaryoten zu Eukaryoten.
Gentransfer von den Vorfahren der Mitochondrien, sowie der Chloroplasten, in das
Genom der Wirtszelle wird auch als endosymbiontischer Gentransfer (EGT)
bezeichnet und ist gut dokumentiert (Martin 1999, Ku et al. 2015). Kontinuierlicher
Gentransfer zu Eukaryoten Uber einen Mechanismus wie Transformation,
Transduktion oder Konjugation konnte bislang noch nicht dokumentiert werden, weder
von Prokaryoten zu Eukaryoten, noch zwischen verschiedenen Eukaryoten. Im
Vergleich zu Prokaryoten wird die Rekombination in Eukaryoten durch Meiose und
sexuelle Reproduktion erzielt und ist stets reziprok (Garg und Martin 2016).

Obgleich der fehlenden Belege Uber die kontinuierliche Akquisition von
prokaryotischen Genen mittels LGT in Eukaryoten, wird LGT h&aufig als einfache
Erklarung fir phylogenetisch prokaryotische Signale innerhalb von Eukaryoten
gewahlt. Das wahrscheinlich prominenteste Beispiel hierfur liefert die erste
Sequenzierung des menschlichen Genoms (International Human Genome
Sequencing Consortium 2001). Die Analyse des Genoms ergab, dass hunderte
menschliche Gene auf LGT von Bakterien in die Abstammungslinie der Wirbeltiere
zurlckzufuhren sind. Diese zuerst getroffenen Annahmen wurden allerdings schnell
widerlegt und die gefundenen Gene wurden auf differentiellen Genverlust sowie
Artefakte in der Analyse zurlckgefuhrt (Salzberg et al. 2001, Stanhope et al. 2001,
Salzberg 2017).

Es liegt auf der Hand, dass dem Gentransfer von Prokaryoten zu Eukaryoten

groBe Hindernisse im Wege stehen. Damit prokaryotisches genetisches Material die
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Chromosomen der Eukaryoten erreicht, muss es sowohl in die eukaryotische Zelle
gelangen, sowie im weiteren Verlauf in den Zellkern integriert werden (Genereux und
Logsdon 2003). Fur das Beispiel eines Gentransfers in die Abstammungslinie der
Wirbeltiere gibt es ein weiteres Hindernis, welches die Fixierung eines Genes erheblich
erschweren wirde. Damit eine weitere Vererbung des erhaltenen Gens méglich wére,
musste das Gen in eine Keimzelle gelangen, da Wirbeltiere bereits in einem frihen
Stadium ihrer Entwicklung ihre Zellen spezialisieren (Genereux und Logsdon 2003).

Die Kombination dessen, dass die Prozesse von lateralem Gentransfer von
Prokaryoten zu Eukaryoten bisher nicht direkt nachgewiesen werden konnten, sowie
der haufigen Annahme, dass lateraler Gentransfer die Ursache fir einzelne
eukaryotische Homologe zu ansonsten prokaryotischen Genen ist, fihrt zwangsléufig

zu einer weiteren Betrachtung dieser Problematik.
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Die RefSeqg-Datenbank des National Center for Biotechnology Information ist eine
umfassende Sammlung von nicht redundanten Referenzsequenzen (O'Leary et al.
2016). In der 228. Veroffentlichung dieser Datenbank (8. Januar 2025) finden sich
bereits 2057 komplett sequenzierte Genome von einzigartigen Eukaryoten und mit
jeder weiteren Veroffentlichung erhéht sich diese Anzahl. Wahrend das Wissen Uber
aktuell lebende Eukaryoten demnach immer weiter zunimmt und die Analyse dieser
Daten stetig voranschreitet, ist es deutlich schwieriger, auf die komplexen
Entstehungsprozesse der Eukaryoten vor circa ein bis zwei Milliarden Jahre
zurickzublicken und diese zu verstehen.

Fragen, die sich unmittelbar aus der Entstehungsgeschichte der Eukaryoten,
sowie ihrer weiteren evolutiondren Entwicklung stellen, sind vor allem: i) Welcher
Prozess sorgte fur die Bildung komplexer eukaryotischer Zellen aus vormals einfachen
prokaryotischen Zellen, ii) welche Merkmale und zellulédren Strukturen hatte der letzte
gemeinsame Vorfahre aller heute lebender Eukaryoten, iii) inwieweit ist lateraler
Gentransfer von Prokaryoten zu Eukaryoten vorhanden und welche Rolle spielt
dieser?

Vor diesem Hintergrund ist es das Ziel dieser Arbeit, mit Hilfe von
phylogenetischen Analysen Merkmale des letzten gemeinsamen eukaryotischen
Vorfahrens zu rekonstruieren und Rickschlisse auf die Entstehungsgeschichte der
Eukaryoten zu ziehen. Dazu wurden die Merkmale heutiger Eukaryoten auf
phylogenetische Baume Ubertragen, um mit Hilfe dieser eine Rekonstruktion des
letzten gemeinsamen Vorfahrens durchzufuhren. Die rekonstruierten Merkmale und
die zeitliche Divergenz ihres Auftretens innerhalb der Eukaryoten geben neue
Perspektiven auf mdgliche Theorien der Eukaryogenese, sowie der Lebensweise des
letzten gemeinsamen eukaryotischen Vorfahrens. Zudem wird in einer weiteren
Analyse die Wahrscheinlichkeit des Auftretens von einzelnen eukaryotischen Genen
mit Homologen innerhalb der Prokaryoten aufgrund von differentiellem Genverlust

anstelle von lateralen Gentransfers untersucht.
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Abstract

Two main theories have been put forward to explain the origin of mitochondria in eukaryotes: phagotrophic engulfment (un-
digested food) and microbial symbiosis (physiological interactions). The two theories generate mutually exclusive predictions
about the order in which mitochondria and phagocytosis arose. To discriminate the alternatives, we have employed ancestral
state reconstructions (ASR) for phagocytosis as a trait, phagotrophy as a feeding habit, the presence of mitochondria, the
presence of plastids, and the multinucleated organization across major eukaryotic lineages. To mitigate the bias introduced
by assuming a particular eukaryotic phylogeny, we reconstructed the appearance of these traits across 1789 different rooted
gene trees, each having species from opisthokonts, mycetozoa, hacrobia, excavate, archeplastida, and Stramenopiles,
Alveolates and Rhizaria. The trees reflect conflicting relationships and different positions of the root. We employed a novel
phylogenomic test that summarizes ASR across trees which reconstructs a last eukaryotic common ancestor that possessed
mitochondria, was multinucleated, lacked plastids, and was non-phagotrophic as well as non-phagocytic. This indicates that
both phagocytosis and phagotrophy arose subsequent to the origin of mitochondria, consistent with findings from compara-
tive physiology. Furthermore, our ASRs uncovered multiple origins of phagocytosis and of phagotrophy across eukaryotes,
indicating that, like wings in animals, these traits are useful but neither ancestral nor homologous across groups. The
data indicate that mitochondria preceded the origin of phagocytosis, such that phagocytosis cannot have been the mechan-
ism by which mitochondria were acquired.

Significance

The origin of mitochondria within eukaryotes is often assumed to be linked with the ability of some eukaryotic species to
intake organic matter from the environment via a process known as phagocytosis. Some theories invoke phagocytosis as
a mechanism to explain how mitochondria entered the eukaryotic cell, by definition they assume that phagocytosis ori-
ginated before mitochondria. Alternative theories for the origin of mitochondria invoke microbial symbiotic interactions
that do not require phagocytosis as a mechanism of mitochondrial entry into their host cell. Here, we were able to es-
tablish that mitochondria arose before phagocytosis did; hence, phagocytosis cannot have been the mechanism by
which mitochondria arose. This indicates in turn that large complex nucleated cells (eukaryotes) required mitochondria
to become phagocytotic.

© The Author(s) 2022. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution.
Thisis an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:/creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
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Introduction

Phagocytosis is the process through which eukaryotic cells
specifically recognize and engulf cell-sized particles (> 0.4
micrometer) via cytoskeleton-dependent invagination of
the plasma membrane. Phagocytosis is a trait widely distrib-
uted among and exclusive to eukaryotes, serving as a strat-
egy for internal digestion of food particles (Martin et al.
2017; Mills 2020) as opposed to extracellular digestion
via secreted enzymes. For as long as mitochondria have
been discussed as endosymbionts, phagocytosis has been
discussed in the context of mitochondrial origin. In her revi-
talization of the endosymbiotic theories of Mereschkowsky
(Kowallik and Martin 2021, Martin and Kowallik 1999) and
Wallin (1927), Margulis, then named Sagan (1967) sug-
gested in passing that phagocytosis was the mechanism
by which the ancestral mitochondrion and its host became
established. Cavalier-Smith proposed that phagocytosis dir-
ectly gave rise to mitochondria and chloroplasts, but not via
endosymbiosis, rather by origin of the organelles via re-
structuring of membranes in a cyanobacterial ancestor of
eukaryotes (Cavalier-Smith 1975). Many subsequent theor-
ies followed Margulis's idea and emphasized phagocytosis
as a mechanism for mitochondrial acquisition, hereafter
collectively referred to as phagocytic models, and in most
if not all such theories, the engulfed mitochondrial ancestor
is interpreted as an undigested meal (Doolittle 1998;
Cavalier-Smith 2002; Roger et al. 2017; Poole and
Gribaldo 2014).

By contrast, a number of alternative theories for the ori-
gin of mitochondria do not entail a phagocytosing host,
placing an emphasis on microbial interactions. Two kinds
of microbial interactions are discussed: predatory bacteria
and metabolic symbioses. The predatory bacteria class of
theories posits mitochondria origin via predation by bac-
teria upon other bacteria. These theories lean on examples
of predatory bacteria that enter the periplasm of their bac-
terial host, multiply there, and consume the hosts's cytosol-
ic content. Although initially proposed on the basis of
Bdellovibrio predators from the deltaproteobacteria
(Guerrero et al. 1986), a number of alphaproteobacterial
predators have been found and discussed in the context
of mitochondrial origin (Davidov et al., 2006; Davidov and
Jurkevitch, 2009). In models involving predatory bacteria,
the mitochondrion is seen not as an undigested meal but
as an attenuated predator.

Most current theories for mitochondrial origin involve
metabolic symbioses among free living prokaryotes,
though few take into account the low oxygen history of eu-
karyotic evolution, as recently reviewed by Mills et al.
(2022). Metabolic symbioses typically have a nutritional

basis and often involve anaerobic syntrophy (Schink 1997;
Stams and Plugge 2009; Imachi et al. 2020) and hydrogen
dependence (Martin and Muller 1998; reviewed in Zimorski
et al. 2014). Because phagotrophy is a feeding mechanism
that supports day-to-day survival, its main function for cells
is of physiological nature, involving the channeling of
growth substrates from food vacuoles to mitochondria
for ATP (Martin et al. 2017). In non-phagocytic eukaryotes,
such as fungi, digestive enzymes are secreted into the envir-
onment rather than into food vaculoes. Despite the popu-
larity of the idea that phagocytosis was the key to
eukaryote origin (Cavalier Smith 1975; Embley and
Williams 2015), physiological and cytological evidence sug-
gests that the host was likely non-phagocytotic (Gould et al.
2016; Martin et al. 2017) in line with fossil evidence indicat-
ing a late origin of phagocytosis (Mills 2020). The main
physiological evidence against the phagocytic orgin of
mitochondria is 2-fold: (1) A mitochondrion-lacking phago-
trophic archaeal host would have to ingest about 34 times
its body weight in prokaryotic prey to obtain enough ATP to
support one cell division at maximum energetic efficiency
and (2) in contrast to all other archaea, it would lack ion
gradients and chemiosmotic ATP synthesis at the plasma
membrane, because phagocytosis and chemiosmotic ATP
synthesis cannot coexist in the same membrane (Martin
et al. 2017). Furthermore, more recent observations show
that the closest archaeal relatives to the host that acquired
mitochondria are very small and simply organized archaeal
cells (Imachi et al. 2020), not phagocytotic proto-
eukaryotes. Yet despite much evidence to the contrary
(Speijer, 2015), the phagocytic origin of mitochondria
remains a very popular theory (Dacks et al. 2016).

The presence of mitochondria at the base of eukaryotic
evolution (Martin and Mduller 1998; Embley and Martin
2006; Muller et al. 2012), combined with the lack of evolu-
tionary intermediates, render the cell-morphological grade
at the prokaryote-to-eukaryote transition steep and its
phylogenetic reconstruction challenging. Most current the-
ories agree that mitochondria and their related organelles
—mitosomes and hydrogenosomes—descend from a pro-
teobacterial symbiont that took up residence within its
host (Gray et al. 2001; Fan et al. 2020; Betts et al. 2018),
whereby the host was a member of an ancient archaeal
lineage (Williams et al. 2013; Martin et al. 2015). A more
debated issue concerns the timing of mitochondrial
acquisition relative to the emergence of other eukaryotic
traits, cell complexity in particular (Lane and Martin
2010). In the context of the present study, if mitochondria
were acquired via phagocytosis, then the host had already
evolved a phagocytic lifestyle, meaning that large cell size,
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the endomembrane system, vesicle flux and cytoskeleton—
the salient components of eukaryote cell complexity—had
already arisen prior to mitochondrial acquisition (Poole
and Gribaldo 2014; Roger et al. 2017; Cavalier-Smith
2002; De Duve 2007). That is, according to phagocytic
theories, eukaryotic complexity arose independent of mito-
chondrial functions or mitochondrial genes. However, no
modern-day archaea grown in laboratory cultures or ob-
served in nature are known to phagocytose.

In current formulations, phagocytic models rely on infer-
ences from metagenome-assembled genomes (MAGs)
from uncultured asgard archaea, which are reported to en-
code homologs of phagocytosis-related genes in eukar-
yotes (Zaremba-Niedzwiedzka et al. 2017; Spang et al.
2015), such as actin and tubulins. However, the purity of
these MAGs has been questioned (Garg et al. 2021), and
the few phagocytosis-related genes found in asgard
MAGs are arguably insufficient to confer full phagocytic
capability as observed in eukaryotes today. This has been
demonstrated with enriched cultures of Candidatus
Prometheoarchaeum syntrophicum MK-D1 the only asgard
archaeon that has been cultivated in the laboratory to date.
MK-D1, the closest archaeon to the eukaryotic host,
showed no evidence of phagocytic ability under the micro-
scope, although it was able to generate membrane protru-
sions (Imachi et al. 2020) which are feeding appendages
that increase surface area for its fermentative lifestyle, simi-
lar to the function of hyphae in filamentous fungi (Scannell
et al. 2006).

Alternatives to phagocytic models for the origin of mito-
chondria, the symbiotic models, have it that the archaeal
host was not phagocytotic and that the mitochondrial an-
cestor established a symbiotic relationship living in close
physical contact with its archaeal host (Martin et al. 2001,
2015). Over the course of time, the symbiosis of prokar-
yotes stabilized, the host became strictly dependent upon
its symbiont (anaerobic syntrophy), leading to entry of the
bacterial symbiont into the host’s cytosol (endosymbiosis).
Several examples of prokaryotes that have taken up
symbiotic relationships within the cytosol of another—
nonphagocytotic—prokaryote are known (Martin et al.
2017). In addition, modern-day archaea can undergo mem-
brane fusions and cell fusions (Naor and Gophna 2013),
such that symbiogenic models do not require an origin of
phagocytosis within archaea prior to mitochondrial origin.
At face value, both phagocytotic and symbiogenic theories
would predict the origin of the eukaryotic plasma mem-
brane to be of archaeal origin, but the eukaryotic outer
membrane is chemically more similar to that of bacteria.
To account for this, symbiotic models have a corollary in
which the lipids of the eukaryotic plasma membrane arose
via secretion of membrane vesicles by the bacterial endo-
symbiont, which ultimately replaced the original host outer
membrane (Gould et al. 2016).

Both phagocytic and symbiotic models for the origin of
mitochondria are currently discussed and debated, where-
by the role of environmental oxygen levels roughly 1% that
of current oxygen levels during eukaryotic and mitochon-
drial origin as well as during the first billion years of eukary-
otic evolution bear heavily upon these issues. For a
balanced and comprehensive review, see Mills et al.
(2022). Discrimination between the theories requires
more data and analyses, not more debate. One largely un-
explored issue concerns the premise underlying phagocytic
theories, namely that phagocytosis evolved prior to mito-
chondrial acquisition and hence was present in the last eu-
karyotic ancestor (LECA). An earlier study focused on the
identification of phagocytosis-related genes in eukaryotic
genomes followed by reconstruction of phylogenetic trees
and used the gene trees as proxies to speculate about the
origin of phagocytosis as a process (Yutin et al. 2009).
However, due to the multiplicity of functions a gene can
have, identifying phagocytosis-related genes can lead to
many false positives (Gotthardt et al. 2006; Okada et al.
2006; Marion et al. 2005; Jacobs et al. 2006).
Furthermore, genes that precipitated phagocytosis may
have been lost or replaced, and eukaryotic genes that are
currently known to be involved in phagocytosis may have
originated prior to phagocytosis. Hence, inferences indicat-
ing that phagocytosis-related genes originated in LECA
cannot be readily equated to an early-origin of phagocyt-
osis. For example, both archaea and bacteria are known
to possess tubulin homologues (Erickson et al. 2010), but
neither archaea nor bacteria are phagocytotic.

Here, we address the origin of phagocytosis in eukar-
yotes within the framework of ancestral state reconstruc-
tion (ASR) analyses. By examining the presence of
phagocytosis as a process, rather than the presence
of a few phagocytosis-related genes, across a diverse
sample of eukaryotic species we readdress the
phagocytosis-origin problem from a novel empirical per-
spective. We specifically examine the timing of phagocyt-
osis and phagotrophy in eukaryote evolution, in addition
to the antiquity of the multinucleated (syncytial) state
(Skejo et al. 2021) and, as controls, the origin of mito-
chondria and plastids.

Results and Discussion
Framework and Data

Our dataset consists of five eukaryotic traits—mitochondria,
phagocytosis (the ability to engulf bacterial cells), phagotro-
phy (phagocytosis as a feeding habit), multinucleate organ-
ization, and plastids, as well as the distribution of these
traits across 150 eukaryotic species that span six lineages:
Opisthokonta,  Archaeplastida, Hacrobia, Excavata,
Stramenopiles, Alveolates and Rhizaria (SAR), and
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Fie. 1.—Presence (filled circle) absence (empty circle) distribution of five traits in 150 eukaryotic species. Species with no circle for a given trait indicate
missing annotation. The reference tree was inferred from the alignment of 18S RNA sequences, rooted on the Excavates branch, with the sole purpose of data
display (see Materials and Methods). Tip labels are species codes (see supplemental table 1, Supplementary Material online, for complete species names and
detailed trait annotations). The first character of the species codes indicates supergroup affiliation of the species: Excavates (), Mycetozoa (M), Hacrobia (H),
Archaeplastida (4), SAR (S) and Opisthokonta (O). The shades of gray show the clades of the six eukaryotic supergroups.

Mycetozoa (fig. 1; see Materials and Methods for details).
To evaluate the potential contribution of each of the traits
to eukaryogenesis, we first set out to time their origin rela-
tive to the last eukaryotic common ancestor (LECA) using
ASR. To perform ASR, two types of data are required: a ta-
ble with the distribution of traits in some species and a
phylogenetic tree upon which ASR is calculated for all in-
ternal nodes in the tree. Typically, the tree used for ASR is
a species tree which is commonly reconstructed from se-
quences of single-copy genes common to all species under
scope (universal orthologs). By clustering 1848936
protein-coding genes from the 150 eukaryotic genomes

using a markov clustering algorithm (MCL) (Enright et al.
2002), we obtained 239012 gene families in total. Of the
total, 313 gene families are present in at least in 140 gen-
omes, 130 gene families are present in at least 145 gen-
omes, and 15 gene families are present in 149 genomes.
However, no gene family in our data is strictly universal,
that is, with gene-copies present in all 150 eukaryotic gen-
omes, because our species set includes species with highly
reduced genomes including the parasite Giardia lambia and
the unicellular photosynthetic species Nannochloropsis ga-
ditana (supplemental table 1, Supplementary Material on-
line). Reconstructing a reliable species tree without
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universal orthologs is a challenging task, which is further
complicated by the abundance of paralogues in the present
data (Tria et al. 2021), as a result of frequent gene duplica-
tions in eukaryotic evolution.

To harness phylogenetic information contained in gen-
omes and bypass the reliance on a backbone species tree,
we used 1789 gene families to reconstruct maximum-
likelihood trees for each individual gene family. The 1789
gene families are distributed variably across eukaryotic gen-
omes (mean=105.3, median=114, SD=34.8) but are
present in least one representative species from the six eu-
karyotic supergroups. The presence of the genes in six
supergroups indicates that these gene families likely trace
to LECA or prior to it. We then used each resulting gene
tree to perform an independent ASR experiment, under
the principle that each gene family is an independent data-
sample. Gene trees are informative for ASR as long as the
underlying gene families originated in LECA and not after
it. Yet, the accuracy of the ASR may vary across trees due
to tree errors and sampling effect generated by gene dupli-
cation and gene loss. We will address these issues along the
paper. Notably, the gene trees used here served only as
phylogenetic markers. We neither assumed nor expected
the functions of the genes to be either directly or indirectly
involved in the establishment of the eukaryotic traits
investigated.

LECA Had Mitochondria and Was Multinucleated, But It
Was Neither Phagocytic nor Phagotrophic

For each tree and trait, we labeled the species at the tips of
the tree according to their trait-state annotations
(supplemental table 1, Supplementary Material online)
and performed maximum-likelihood ASR (see Materials
and Methods for details). In each tree, we could identify
the trait-state (for example, presence or absence) that
traced to LECA. A tree was only used for ASR of a given trait
if the tree contained representative species for at least two
trait-states. Trees displaying only one state for a given
trait (for example, all taxa having mitochondria) were un-
informative and not considered for ASR of that trait. A
maximum-likelihood ASR yields probabilities for each
possible trait-state at the root of the tree, where the re-
sult may be resolved or ambiguous when alternative trait-
states are tied with equal probabilities. Because each tree
spans all major eukaryotic lineages, its root corresponds
to LECA. One way of summarizing ASR across trees is by
counting the frequency in which each trait-state appeared
in LECA across trees (the majority-rule). A trait-state occur-
ring in LECA at a high frequency across trees likely reflects
the true state in LECA, whereas trait-states occurring in
low frequencies in LECA are the result of lineage specific
origins for the trait or errors. It is important to note that
the majority-rule method does not utilize trees with

unresolved trait-states in LECA, and the magnitude of the
difference in probabilities for alternative trait-states is not
considered at all.

Using the majority-rule, we found that the ASRs traced
the presence of canonical mitochondria to LECA in 90%
of the trees, recovering the (now) well-accepted notion of
mitochondria being present in the LECA (table 1) as posited
by most current theories that address the origin of mito-
chondria. Alone, the presence of mitochondria in LECA
has no weight in distinguishing current alternative theories
for the origin of mitochondria in eukaryotes, because all
current theories have mitochondria in LECA—a radical
change from 20 years ago (Martin et al. 2001)—but it
serves as a first validation of our approach. Another valid-
ation was obtained with the analyses of photosynthetic
plastids, a trait uncontestably thought to have originated
after the eukaryotic supergroups diverged, at the base of
photosynthetic lineages (Archaeplastida). Our analyses in-
dicated a late origin of plastids relative to LECA in 78% of
the trees, in accordance to the expectation. The ASR placed
the origin of photosynthetic plastids in LECA in only 6% of
trees, with the remaining 16% trees having unresolved
ASR. The 10% of trees that trace the origin of mitochondria
after LECA and the 6% trees that traced plastids into LECA
are clear deviations from the expected results, indicating a
roughly 10% error rate underlying the majority-rule ana-
lyses. Our ASRs also show LECA as a multinucleate (syncyt-
ial) organism in 69% of the trees, in accordance with an
independent study (Skejo et al. 2021). Multinucleate spe-
cies and stages, in which different nuclei divide independ-
ently both of each other and of cell division, are
surprisingly common among eukaryotes (Skejo et al.
2021). The results we obtained for mitochondria, plastids
and the multinucleated state are in accordance with com-
monly accepted notions of eukaryotic trait evolution, serv-
ing as an internal control and validation for our analyses.

The most relevant traits for investigating the question of
how mitochondria entered the eukaryotic lineage are
phagocytosis—the process of engulfing cells, like macro-
phages—and phagotrophy—engulfing cells as a feeding
habit as opposed to osmotrophy, whereby enzymes are
excreted outside the cell to digest and uptake digestion
products. We analyzed each trait independently.
Phagocytosis was defined as species harboring cells with
the ability to actively internalize particles larger than
400 nm (the size of a small bacterium), whereas phagotro-
phy was defined as the special case of using phagocytosis as
a feeding habit. For example, humans are phagocytic be-
cause of macrophage activity during infection but not pha-
gotrophic, because we digest food in the intestine and
uptake breakdown products via plasma membrane impor-
ters. Despite a wide distribution of phagocytosis and a
moderate distribution of phagotrophy in the 150 eukaryot-
ic species in our dataset (fig. 1), the majority-rule across
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Table 1

Maximum-likelihood ancestral reconstruction of five traits from 150 eukaryotic species, across a broad sample of gene trees as estimates of the underlying
phylogeny. Absolute values indicate the number of trees with a trait state (presence/absence) tracing to LECA. The total number of trees used (V) as well as
the number of trees with ambiguous reconstructions in LECA are indicated. Multinucleate, phagocytosis, and phagotrophy were modeled as binary traits,
while mitochondria and plastids were modeled as traits with three states each (see supplemental table 1, Supplementary Material online and Materials and
Methods for details). For mitochondria, “presence” indicates that canonical mitochondrion is the reconstructed ancestral state, while “absence” indicates

that the reconstruction is either mitosome or hydrogenosome.

Single-copy gene trees

Trait Presence Absence Ambiguous Total (N)
mitochondria 8 (100%) 0 0 8
plastid 1(5%) 7 (33%) 13 (62%) 21
multinucleate 14 (67%) 0 7 33%) 21
phagocytosis 1(5%) 7 (33%) 13 (62%) 21
phagotrophy 1(5%) 10 (48%) 10 (48%) 21
Multi-copy gene trees

Trait Presence Absence Ambiguous Total (V)
mitochondria 1191 (90%) 4(0,3%) 123 (9%) 1318
plastid 106 (6%) 1372 (78%) 290 (16%) 1768
multinucleate 1234 (70%) 162 (9%) 372 (21%) 1768
phagocytosis 475 (27%) 779 (44%) 514 (29%) 1768
phagotrophy 323 (18%) 963 (54%) 482 (27%) 1768

trees indicates that LECA was neither phagotrophic nor
phagocytic. That is, the origin of phagocytosis was recon-
structed after LECA in 44% of the trees, in LECA in
27% of the trees, whereas 29% trees had unresolved
ASRs (table 1). Phagotrophy, the trait that phagotrophic
models for the origin of mitochondria require, appeared
in LECA in only 18% of the trees, with 54% of trees placing
the origin of phagotrophy after LECA. For 28 % of the trees,
the ASRs of phagotrophy were unresolved.

The analyses for phagocytosis and phagotrophy yielded
a higher proportion of unresolved ASRs in comparison to
the traits mitochondria, multinucleate organization and
plastids (table 1). To assess the statistical significance of
our results, we performed a test by matching the probabil-
ities of the alternative trait-states for each tree regardless of
outcome in LECA (trait-presence, trait-absence or tie) and
assessed the differences in distributions using the
Wilcoxon signed-rank test (fig. 2). The test can be seen as
a refinement of the majority-rule as it considers the magni-
tude of probabilities for all possible trait-states in LECA,
which are directly obtained from the ASR, and integrate in-
formation from trees with unresolved ASR in LECA. The re-
sults of the two-tailed Wilcoxon tests indicate that the traits
phagotrophy and phagocytosis were not present in LECA at
P<0.01.

GTPases, tubulins, and actins are common among eukar-
yotes and play key roles in phagocytosis (Rougerie et al.
2013; Hall 2012; Lancaster et al. 2018); the likely presence
of these genes in LECA has been interpreted as evidence for
an early origin of phagocytosis relative to mitochondria.
However, the origin of phagocytosis-related genes is not

guaranteed to coincide with the origin of phagocytosis be-
cause the genes that precipitated the origin of phagocytosis
may have been lost or replaced over the course of 1.5 billion
years of evolution since eukaryotes emerged (Betts et al.
2018). Contrary to phagotrophic theories for the origin of
mitochondria, but in line with some earlier views (Martin
etal. 2003), our results show that LECA was neither phago-
trophic nor phagocytic, obviating the requirement of these
traits for the origin of mitochondria in eukaryotes. A previ-
ous study based on the comparative analyses of gene ex-
pression data for phagocytic-related genes (Yutin et al.
2009) also suggested a late origin of phagocytosis, as did
a study of microfossil evidence for the late origin of phago-
cytosis (Mills 2020).

Tree Quality, Sampling, and Conflicting Evidence in
Phylogenomic Analyses

The accuracy of ASR depends on the quality of the individ-
ual gene trees. Because of gene duplications and gene
losses, topological discordance cannot be equated to the
ever-present problem of tree reconstruction errors. Tree re-
construction strongly depends on the quality of the se-
quence alignments, which can be assessed using the
heads or tails (HoT) analyses (Landan and Graur, 2007).
We investigated the grade of HoT scores across the 1789
trees by comparing the positional consistency of the origin-
al alignments (heads) against the alignments obtained from
the sequences in their reversed amino-acid order (tails).
Higher HoT values indicate higher positional consistency
between the original and reversed alignments, which is
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Fie. 2—Distribution of marginal probabilities for alternative trait-states in LECA across single-copy gene trees (left; without paralogs) and multi-copy gene
trees (right; with paralogs). Multinucleate, phagocytosis and phagotrophy were treated as binary traits, while plastids and mitochondria were treated as traits
with three states each. For plastids the states were: absence, primary plastid or secondary plastid. For mitochondriam the states were as follows: mitosome,
hydrogenosome, or canonical mitochondria (see Methods and supplemental table 1, Supplementary Material online for details). The number of trees used in
the analyses are show in table 1. Trait-states with high probabilities in the trees have distributions (colored lines) that are right-shifted in the plots.
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indicative of well-aligned sequences. The distribution of
HoT scores for all the 1789 gene trees, grouping trees ac-
cording to trait-state outcome in LECA, for each trait separ-
ately, are shown in supplemental fig. 1, Supplementary
Material online. The HoT scores indicate little difference be-
tween forward and reverse alignments. We found that the
overall tree quality is high, with the majority of trees having
scores above 0.6 according to the mean column score
(MCS), which indicates the proportion of identically aligned
site columns, and above 0.9 for the mean residue pair score
(MRPS, identically aligned pairwise site comparisons).
Furthermore, the distributions of alignment scores under-
lying trees that recovered different trait-states in LECA
had no clear difference, suggesting that tree reconstruction
errors are unlikely to explain different ASR results.
Alignment quality does not impact our current results be-
cause the Wilcoxon-tests, using only the top 200 trees ac-
cording to HoT scores, recovered the same ASR for all five
traits (supplemental fig. 3, Supplementary Material online;
fig. 2).

Another factor that may influence ASR is the position of
the root within the trees. We used the minimal ancestor de-
viation (MAD) approach to root the trees (Tria et al., 2017),
which outperformed alternative approaches in independ-
ent studies (Wade et al. 2020; Lamarca et al. 2022) and
has the advantage of not requiring outgroups. Yet, MAD
rooting is expected to fail for trees with high levels of
molecular-clock departure, which may vary across trees.
Indeed, we found microsporidians, a highly specialized
group of fungal pathogens with highly relaxed functional
constraints (high rates) for many genes, at the base of
10% of our gene trees, which is indicative of errors due
to long branch attraction (Brinkmann et al. 2005). To ac-
count for the effect of the quality of inferences, we ana-
lyzed the distribution of two root scores calculated by
MAD: the ancestor deviation (AD) statistic for the inferred
root position, which measures the degree of deviation
from the molecular-clock associated to the inferred root,
and the root ambiguity index (Al), defined as the ratio of
AD scores for the inferred root over the second-best root.
We found the distribution of AD and Al to be remarkably
similar for trees that obtained a different trait-state in
LECA (supplemental fig. 1, Supplementary Material online),
suggesting that no significant bias of ASR was caused by
variable levels of root inference accuracy. Furthermore, by
repeating the Wilcoxon tests with the top 200 trees with
best root quality, as judged independently for AD and Al,
we recovered the same ASR as obtained with all trees in
the sample (supplemental fig. 3, Supplementary Material
online).

Itis noteworthy that the results of our ASR analyses depend
upon the eukaryotic species sampled, which were limited to
the species with genomic sequences in RefSeq (O’Leary
et al. 2016). We deliberately avoided the inclusion of

metagenomic and transcriptomic sequences, because they
are notoriously more susceptible to contamination (false tax-
on label), base-calling, and assembly errors, which bias phylo-
genetic reconstructions (Garg et al. 2021). Nevertheless,
sampling is an important factor in ASR analyses. Since the
gene families we used to reconstruct the trees are not uni-
formly distributed across the eukaryotic genomes sampled
here, we could investigate the effect of differential sampling
upon our results, using the natural distribution of the genes
as reference. We analyzed four sampling parameters calcu-
lated for each tree: (1) the fraction of the least frequent trait-
state occurring at the tips of the trees; (2) the fraction basal
lineages measured as the number of Excavates and
Mycetozoa relative to Opisthokonts; (3) the total number of
species; and (4) the total number of OTUs (operational taxo-
nomic units). For each of the four sampling parameters, we
ranked the trees in decreasing order, selected the top 200
trees, and repeated the Wilcoxon tests (supplemental
fig. 3, Supplementary Material online). With only one excep-
tion, these tree subsamples corroborated the results shown
infig. 1, albeit with variable P-values due to decreased sample
size. The only exception occurred for the subsample of trees
with highest fraction of basal lineages, where the ASR for
phagocytosis in LECA could not be resolved (P-value > 0.05).

To find out which species were enriched in
the subsample of 200 trees with enriched basal lineages,
we calculated the frequency of appearance for each species
across the tree subsample and compared to that of the en-
tire tree sample. We found that the three microsporidia
species present in our genome set and one SAR species
had the highest degree of sampling improvement, when
comparing how frequently these species appeared in the
tree subsample relative how frequent they appeared in all
trees (supplemental table 2, Supplementary Material on-
line). By restricting the analyses to trees with high sampling
of basal species resulted in a subsample of trees that are
also rich in species with highly reduced genomes. This is a
noteworthy result because the Microsporidia and SAR spe-
cies, enriched in the subsample of 200 trees, are
fast-evolving lineages known to introduce bias in phylogen-
etic analyses (Brinkmann et al. 2005). Unrestricted species
sampling, although theoretically desirable to cover grades
of biological diversity, can hinder phylogenetic analyses
by increasing heterogeneity in the data. Indeed, we found
a significant negative correlation of HoT scores with the
total number of species in the sequence alignments
underlying the trees (rho=-0.4, P<0.01, two-tailed
Spearman-rank correlation).

As in all molecular phylogenetic studies, there is conflict-
ing evidence in the form of conflicting signals in the present
data. Conflicting signals can arise as a result of fragmented
or contaminated data and therefore lead to falsely con-
structed clades in tree topologies (Wagele et al. 2009),
which we avoided by excluding metagenomic and
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transcriptomic data. An important source of conflict in eu-
karyotic gene families is gene duplication and the presence
of paralogs. An earlier independent study found that at
least 475 genes were duplicated in LECA (Tria et al.
2021). Although these duplications complicate the analysis
of eukaryotic phylogenies, it is important to keep in mind
that duplications are the hallmark of eukaryotic genes
such that phylogeny-based analyses of eukaryote evolution
have to take this into account. Eliminating genes with dupli-
cations or paralogs would eliminate almost all gene families
from this or any other study of eukaryote gene or genome
evolution, as nearly half of all eukaryotic protein-coding
genes exist as multiple copies in at least one genome (Tria
et al. 2021). The “manual” removal of paralogs from indi-
vidual trees would also introduce biases of effectively arbi-
trary nature. Nonetheless, we could rule out paralogues as
a potential bias because independent analyses of multi-
copy and single-copy trees rendered the same ASR for the
five eukaryotic traits we analyzed (table 1 and fig. 2).
Whether or not paralogues actually hinder phylogenetic re-
constructions is still unanswered, possibly case-dependent,
and our analyses will motivate further investigations.

Phagocytosis and Phagotrophy Evolved Multiple Times
within the Eukaryotic Lineage

A late origin of phagocytosis and phagotrophy, together
with the wide distribution of these traits across eukaryotic
species, raises the question of how many times these traits
evolved within eukaryotes. One possibility is that phagocyt-
osis and phagotrophy evolved only once prior to the

Table 2

Summary statistics for the number of trait origins across trees (see note
below the table). Trait origin in internal and terminal nodes are
distinguished. Single-copy trees (without paralogs) were distinguished
from multi-copy trees (with paralogs)

Single-copy gene trees

n. origin® Terminal nodes Internal nodes All nodes
trait

mitochondria 0,00 1,1,0 1,1,0

plastid 3,316 1.1,1,08 41,414

multinucleate 2,1,27 1,1,06 3,2,28

phagocytosis 4.4,4,1.8 0.7,1,0.6 5.1, 5, 1.65

phagotrophy 4.1,4,1.7 0.6,1,0.6 4.7,4,1.4

Multi-copy gene trees

n. origin® Terminal nodes Internal nodes All nodes
trait

mitochondria 0,0,0.2 1,1,02 1,1,04

plastid 29,31 293,13 5.8,6,2.4

multinucleate 3.5 1,4.6 3.6, 3,29 7.1,4,7.1

phagocytosis 46,4, 33 252,15 71,7,43

phagotrophy 5.8, 6,3.3 2,2,13 7.8,8, 3.9

°Note: Numbers indicate mean, median, and standard deviation across trees.

divergence of some eukaryotic supergroups or multiple in-
dependent times within supergroups. To test the multiple
origin hypothesis, we counted for each tree the number
of trait-origins. The average number of trait-origins across
trees is shown in table 2, for each of the five traits investi-
gated here. Only mitochondria showed up as a clear single
origin trait, with an average of one origin per tree. By count-
ing the number of origins for plastids, regardless of its type
(that is, primary or secondary), rendered an average of four
to six origins which is in line with one primary acquisition of
plastids in the Archaeplastida ancestor followed by subse-
quent acquisitions via secondary and tertiary plastids in
Hacrobia and SAR (Gould et al. 2015).

Our analyses show that even though LECA was multinu-
cleated, the trait had on average three to seven origins
across trees, indicating a high turnover rate (loss with re-
appearance) for this trait in eukaryote evolution. Instances
of multiple origins for the multinucleate state may reflect
the selective trade-offs imposed by the co-existence of mul-
tiple nuclei within the same cell. It has been suggested that
the existence of multiple nuclei in LECA permitted muta-
tions, chromosomal rearrangements, and aneuploidies to
occur freely during chromosomal segregation, because
the eventual loss of gene function in one nucleus, arising
from defective mutations, can be compensated by the
proper functioning of the same gene in another nucleus
(Garg and Martin 2016; Skejo et al. 2021). While stable en-
vironmental conditions may favor individuals with few nu-
clei per cell, the multinucleate state offers important
adaptive capacity for populations inhabiting rapidly chan-
ging environments. In that sense, the multinucleated state
is a special case of polyploidy, which can postpone the ef-
fects of Muller’s ratchet in asexually reproducing eukar-
yotes (Kondrashov 1994), which LECA was at some point
during the transition from a symbiosis of prokaryotes to a
nucleated cell with mitochondria.

Phagocytosis originated as a trait two to five times on
average in the trees. Even though some key genes for these
processes were already present in LECA such as GTPases,
tubulins, and actins, which also exist in prokaryotes (Shih
and Rothfield 2006; Verstraeten et al. 2011; Fletcher and
Mullins 2010), the presence of these genes alone does
notimply in the capacity to perform phagocytosis. The mul-
tiple independent origins of phagocytosis supported by our
data align very well with previous observations that
phagocytosis-related genes are rarely shared among dis-
tantly related eukaryotes (Yutin et al. 2009). Gene expres-
sion analyses have shown thousands of genes being
differentially expressed during phagocytosis (Gotthardt
et al. 2006; Okada et al. 2006; Marion et al. 2005; Jacobs
etal. 2006). Among these, only about a dozen are common
to phagocytic eukaryotic genomes, with the vast majority
of differentially expressed genes being supergroup exclu-
sive (Yutin et al. 2009). Overall, both ASR and comparative
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genome analyses point to multiple origins of phagocytosis
in eukaryotes. One important implication of our finding is
that phagocytosis, as a process, is not homologous among
eukaryotic species capable of phagocytosis. Hence, com-
parative analyses targeting a better understanding of
phagocytosis as a process need to take process homology
among species, or lack thereof, into account. One possibil-
ity is to restrict comparative genome analyses to species
suspected to share phagocytic homology, which might
assist the identification of currently unknown
phagocytic-related genes. In a broader context, assessing
trait homology using ASR as done here has the potential
to improve studies aimed towards a better understanding
of trait evolution across the tree of life. It also allows us to
address the relative order of appearance of the eukaryotic
traits investigated here, as outlined in the following.

Timing the Origin of Eukaryotic Traits Relative to the
Emergence of Eukaryotic Supergroups

To time the origin of traits relative to the divergence of six well-
known eukaryotic supergroups considered here, we identi-
fied the eukaryotic species that descend from the origin
node and recorded the corresponding supergroup affiliation
of descending species. We repeated this process for each trait
and trait-origin independently using all origin nodes as in-
ferred by the ASR, across all trees, and plotted the distribution
supergroups descending from the origin nodes (fig. 3). For
each reconstructed origin, all the species (tips) descending
from it in the tree were used to score an origin as a combin-
ation of supergroups so identified. In this way, we were
able to estimate the approximate origin of the traits relative
to the supergroups without committing to any particular eu-
karyotic supergroup phylogeny, which is a recognized chal-
lenge and hotly debated topic (Burki et al. 2020).
Furthermore, the possibility that some of the supergroups
used here might not be monophyletic has no influence on
our results because the species were allowed to assume any
relationship in the trees, without topological constraints.
The supergroups only serve the purpose of displaying the re-
sults, as higher order leaf labels regardless of underlying back-
bone species tree, and some traits map well to supergroup
assignments used here. As it concerns the traits that origi-
nated in LECA, we only considered the ASRs that placed an
origin at the root of the trees (red circles in fig. 3).

We distinguish origins that occurred after the root node,
for which the descending species represent all six super-
groups (black circles) which could also be indicative of trait
origin at LECA but with some level of uncertainty since they
could alternatively be the result of phylogenetic errors. The
combination of supergroups with high frequency of origins
across trees are likely to coincide with a true trait-origin in
the underlying supergroup phylogeny, while low-frequency
supergroup combinations are more likely spurious results.

For mitochondria the result is very clear, for 1326 gene trees
a high number of origin nodes (n = 1199) occurred in LECA.
For plastids, the highest number of origins occurred in an
Archaeplastida ancestor (n=1705) for 1789 gene trees,
followed closely by the number of origins in SAR (n=
1240). A moderate number of plastids origins was also ob-
served in the SAR + Hacrobia ancestor (n=282) and the
Hacrobia exclusive ancestor (n=200). The multinucleate
trait had the highest number of origins in LECA (n=
1234) for 1789 gene trees, albeit a high to moderate num-
ber of origins was also observed in the ancestor of each
supergroup (fig. 3), indicating presence in LECA in addition
to multiple lineage specific (secondary) origins for the multi-
nucleate form. That is, the multinucleate state was likely
lost several times subsequent to LECA's divergence but re-
currently reemerged within each supergroup. For phago-
cytosis, the highest number of origins occurred in
Opisthokonta (n=891) for 1789 gene trees, followed by
Excavata (n=641) and Mycetozoa (n=620). The natural
diversity of the processes usually classified as phagocytosis
across eukaryotic supergroups, together with our results,
indicates that the phagocytic processes evolved independ-
ently in Opisthokonta, Mycetozoa, and Excavata. For pha-
gotrophy, the highest numbers of origins for 1789 gene
trees were found within three supergroups: Mycetozoa
(n=805), Excavata (n=793), and SAR (n=528). For clar-
ity, 805 origins of phagocytosis refer to the sum of origins
scored across 1789 separate trees having on average 105
species, each tree containing representatives from all six eu-
karyotic supergroups sampled here.

Conclusions

In the context of eukaryogenesis, our findings reject phago-
cytic models because the results indicate that the under-
lying premise of an ancestral phagocytic state for
eukaryotes (in LECA) is unlikely to be true. Furthermore,
our results indicate multiple independent origins of four
of the five traits studied here, namely, plastids (including
secondary plastids), the multinucleated state, phagocytosis,
and phagotrophy. By contrast, mitochondria appeared with
a clear single-origin in our analyses, tracing to LECA or
prior. While recurrent acquisitions of photosynthetic plas-
tids were previously described, multiple origins of multi-
nucleate state, phagocytosis, and phagotrophy in
eukaryotes are under-investigated issues. As such, our
study here provides new insights into early eukaryote his-
tory and new methods for ASR that do not require the
use of an agreed or accepted backbone species tree. All
we require for this approach to work is codable information
about traits, a sufficient number of genes present across
members of the group in question, and taxonomic assign-
ments regardless of phylogenetic relationship. Our results
have implications for understanding the mechanism
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underlying the acquisition of mitochondria, a feature exclu-
sive to eukaryotic cells. The broader significance of these
findings is that the origin of mitochondria can be attributed
to a fateful case of microbial symbiosis but cannot be attrib-
uted to a fateful case of indigestion.

Materials and Methods
Phylogenetic Trees

Protein sequences from all 150 eukaryotic genomes were
clustered as follows: all-vs.-all Basic Local Alignment Search
Tool (BLAST) (Altschul et al. 1990) of the protein sequences
was performed. The reciprocal best BLAST hits, with an ex-
pectation value (e-value) < 10~ "% were selected and globally
aligned with the Needleman-Wunsch algorithm, as imple-
mented in the European Molecular Biology Open Software
Suite (EMBOSS) needle program (Rice et al. 2000). Protein
pairs with a global identity <25% were discarded. The re-
maining pairs were then used for clustering with MCL algo-
rithm (Enright et al. 2002), version 12-068 using default
parameters. One-thousand seven-hundred eighty-nine pro-
tein clusters for proteins distributed in at least one species
of each eukaryotic supergroup were selected to derive esti-
mates for underlying eukaryotic phylogeny. Protein align-
ments were generated using Multiple Alignment using Fast
Fourier Transfrom (MAFFT) (Katoh et al 2002), using the itera-
tive refinement method that assimilates local pairwise align-
ment information (L-INS-i). The nontrimmed alignments
were used to reconstruct maximum likelihood trees with
IQ-TREE (Nguyen et al. 2015), using the best-fit model. The
applied parameters were “-bb 1000” and “-alrt 1000."
Trees without paralogs, here termed single-copy gene trees,
were distinguished from trees with paralogs, termed here
multi-copy gene trees, for the purpose of evaluating the ef-
fect of paralog inclusion in ancestral reconstructions. All trees
were rooted with MAD (Tria et al. 2017), and none of the
1789 trees showed ambiguous root inferences.

Trait Annotation, Coding, and Definition

In the field of eukaryogenesis phagocytosis is often used as an
overarching term encompassing all forms of membrane en-
gulfment, while ignoring specific cell biological differences
between the various processes. Phagocytosis here was de-
fined as internalization of particles typically larger than 400
nanometers. The main function of phagocytosis in unicellular
organisms is feeding on prokaryotes, while for the immune
system of multicellular animals phagocytosis serves other
functions like apoptotic cell removal. The use of phagocytosis
to feed on bacteria for energy is distinct from its use by the im-
mune system and therefore we distinguished feeding phago-
cytosis using the term phagotrophy which refers to unicellular
eukaryotes thatingest bacteria for feeding. Both phagotrophy
and phagocytosis were treated here as binary traits (presence

“1" or absence “0" in the supplemental table 1,
Supplementary Material online), as was the multinucleate
trait. Photosynthetic plastids and mitochondria were treated
as multi-state traits. For plastids, we distinguished no plastids
(0), primary plastids (1) and secondary plastids (2). While for
mitochondria we distinguished canonical mitochondria (1),
mitosome (2) and hydrogenosome (3).

For the distribution of traits across the species, see
supplemental table 1, Supplementary Material online.

ASR

The reconstruction of ancestral states was performed using
PastML version 1.9.20 (Ishikawa et al. 2019). PastML is an
algorithm that requires a rooted phylogenetic tree and an-
notated tips for the tree. The analyses were conducted with
using a maximum likelihood approach based on marginal
posterior probabilities approximation with the F81 model
of character evolution (Felsenstein 1981). The annotation
of the tips of the trees was based on the trait matrix for
the 150 eukaryotic species (supplemental table 1,
Supplementary Material online), with the inclusion of miss-
ing data (unknown tip state). For a given trait, trees with the
same state of a trait for every tip of the tree were discarded
from the analysis.

The analysis of the constructed phylogenetic trees and
trait origins was conducted with the python toolkit
Environment for Tree Exploration ETE v3 (Huerta-Cepas
et al. 2016).

Statistical Tests

For testing the significance of ASR across a sample of trees
we collected from each tree (ASR) the marginal probability
for the trait being present in LECA and the marginal prob-
ability for the trait being absent in LECA, as given by
PastML. Differences in the distribution of marginal prob-
abilities for alternative trait-states were assessed with the
two-tailed paired Wilcoxon test and considered significant
at P<0.05. The test assesses whether the distribution of
probabilities across all trees are significant larger for one
of the trait-states. The test permits the resolution of ASR
for which a simple count of trait-states (majority-rule) is
not sufficient, such as for phagocytosis.

18S RNA Reference Tree

For the construction of a reference tree for our 150 eukar-
yotes, we collected 185 RNA sequences for each species.
We therefore searched primarily in the SILVA rRNA data-
base (release 138.1 from November 2020) (Quast et al.
2013). As we were not able to find sequences for all 150
eukaryotic species in the SILVA rRNA database, we second-
arily searched for sequences in the PR? sequence database
(version 4.12.0 from August 2019) (Guillou et al. 2013). For
eight species, we were not able to find a 18S RNA sequence
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in both databases and therefore used alternatives from the
same genus. The alignment was generated using MAFFT
(Katoh et al. 2002), using the iterative refinement method
that assimilates L-INS-i. The alignment was then used to re-
construct a maximum likelihood tree with IQ-TREE (Nguyen
et al. 2015). The resulting tree was rooted on the branch
leading to Excavates. The tree was constructed and rooted
for the sole purpose of data display.

HoT Analyses

For each gene family from which gene trees were recon-
structed, the original protein alignments (heads) were com-
pared with the alignments for the sequences in their
reversed amino-acid order (tails). The positional consistency
between the “heads” and “tails” alignments was assessed
using two scores: the mean column score and the mean
residue pair score. The analyses were performed with the
HoT program (Landan and Graur 2007).

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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Abstract

All eukaryotes have linear chromosomes that are distributed to daughter nuclei during mitotic division, but the ancestral state
of nuclear division in the last eukaryotic common ancestor (LECA) is so far unresolved. To address this issue, we have em-
ployed ancestral state reconstructions for mitotic states that can be found across the eukaryotic tree concerning the intact-
ness of the nuclear envelope during mitosis (open or closed), the position of spindles (intranuclear or extranuclear), and the
symmetry of spindles being either axial (orthomitosis) or bilateral (pleuromitosis). The data indicate that the LECA possessed
closed orthomitosis with intranuclear spindles. Our reconstruction is compatible with recent findings indicating a syncytial
state of the LECA, because it decouples three main processes: chromosome division, chromosome partitioning, and cell div-
ision (cytokinesis). The possession of closed mitosis using intranuclear spindles adds to the number of cellular traits that can
now be attributed to LECA, providing insights into the lifestyle of this otherwise elusive biological entity at the origin of eu-
karyotic cells. Closed mitosis in a syncytial eukaryotic common ancestor would buffer mutations arising at the origin of mitotic
division by allowing nuclei with viable chromosome sets to complement defective nuclei via mRNA in the cytosol.

Key words: last eukaryotic common ancestor, ancestral state reconstruction, mitosis, syncytium, eukaryogenesis.

Significance

Knowledge about the ancestral state of mitosis (nucleus, chromosome, and cell division) in eukaryotes would shed light
on the biology of the last eukaryotic common ancestor (LECA). To address that question, we used methods of ancestral
state reconstruction to ascertain the type of mitosis present in the LECA. We found that LECA did not disintegrate its
nuclear membrane at chromosome division, but instead kept the nuclear membrane intact so that it divided by a process
similar to constriction. The chromosomes were pushed apart by microtubules that formed within the mother nucleus.
The data indicate that nuclear division took place without cell division in LECA, giving its cells a filamentous multinu-
cleated state. This reconstructed state sheds light on an important aspect of the prokaryote to eukaryote transition.

Introduction

The origin of eukaryotes is a classical topic of debate. There
was a time, not too long ago, when the prospect was dis-
cussed that prokaryotes arose from eukaryotes (Forterre
and Phillippe 1999; Poole et al. 1999). Today it is now gen-
erally agreed that eukaryotes arose from prokaryotes, that

the endosymbiotic event that led to mitochondria played a
role in their origin, that eukaryotes and mitochondria share
a single common origin, and that eukaryotes therefore
share a last eukaryotic common ancestor (LECA). Based
upon the universal distribution of the traits among major
eukaryotic groups, it is furthermore agreed that LECA
possessed, in addition to mitochondria (Lane and Martin
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2010), a nucleus (Mans et al. 2004; Bapteste et al. 2005;
Neumann et al. 2010), an endoplasmic reticulum (Kontou
et al. 2022), linear chromosomes with centromeres
(Ishikawa and Naito 1999; van Hooff et al. 2017),
flagellae (Carvalho-Santos et al. 2011; Lindemann 2022),
microtubule organizing centers (Yubuki and Leander
2013), nucleoli (Gardner et al. 2010; Hoeppner and Poole
2012), meiosis, and sex (Villeneuve and Hillers 20071; Loid|
2016). Those traits are easily traced to LECA because they
are present in all eukaryotes. Yet eukaryotes exhibit almost
boundless cytological and morphological diversity, leaving
the biological nature of the LECA far less clearly resolved
than one might tend to think (Katz 2012; Koumandou
et al. 2013; Booth and Doolittle 2015; Lopez-Garcia and
Moreira 2015; Porter 2020; Gabaldén 2021; Roger et al.
2021; Mills et al. 2022).

The traditional method of inferring information about
the nature of any last common ancestor is to construct an
evolutionary tree for the group and assign a root, in hope
that traits that are variable across the tree might map to
the rooted tree in such a manner as to reveal the state of
the trait at the root, ideally, without conflicting data
(Jermann et al. 1995; Kohn et al. 1996; Gold et al. 2015;
Klim et al. 2018). The traditional approach is very difficult
for eukaryotes, however, because there is little agreement
among experts (Williams 2014; Keeling and Burki 2019;
Burki et al. 2020) and little agreement across molecular data
sets (Stechmann and Cavalier-Smith 2003; Richards and
Cavalier-Smith 2005; Kim et al. 2006; Rodriguez-Ezpeleta
et al. 2007; Cavalier-Smith 2009; Roger and Simpson 2009;
Rogozin et al. 2009; Derelle and Lang 2012; Katz et al.
2012; He et al. 2014; Cerén-Romero et al. 2022) as to the
position of the root in the eukaryotic tree. Two main causes
are discussed for the differing pictures concerning the position
of the eukaryotic root: (1) the time between the divergence of
major eukaryotic supergroups may have been very short in the
sense of a “radiation” rendering resolution difficult (Philippe
et al. 2000; Eme et al. 2014), and (2) hundreds of gene dupli-
cations that took place in the genome that led to LECA, gen-
erating vast amounts of hidden paralogy in gene trees hence
discordant placements of roots (Tria et al. 2021), or both.

For traits that are universal among eukaryotes, recon-
struction to LECA is trivial. For traits that are not universal,
reconstruction of the trait in LECA requires more work. One
example is phagocytosis, the ability to eat and digest other
cells as food. Many lineages of eukaryotes possess phago-
cytosis but many do not; reconstruction of the trait indi-
cates that LECA was not phagocytotic (Bremer et al.
2022). Many lineages of eukaryotes possess multinucleated
states that are distinct from those generated during mei-
osis, whereas many eukaryotes lack such multinucleated
(syncytial) states; reconstruction of the trait indicates that
LECA had a syncytial (multinucleated) habit (Skejo et al.
2021; Bremer et al. 2022). An ancestrally multinucleated

state for LECA bears upon the nature of mitosis in LECA be-
cause there exist a variety of mitotic types in eukaryotes
which differ in their compatibility with the syncytial habit.
In the present study, we are interested in reconstructing
the ancestral state of mitosis in LECA.

Though LECA possessed the molecular machinery re-
quired for mitotic chromosome division (Tromer et al.
2019), there is also no doubt that LECA possessed meiotic
sex (Speijer et al. 2015), leaving open the question of
whether mitosis preceded meiosis on the path to LECA or
vice versa (Garg and Martin 2016). The state of mitosis in
LECA is the focus of our present study. Mitotic types across
the eukaryotic tree are diverse. The greatest differences are
the state of the nuclear envelope and the position and sym-
metry of the spindles (fig. 1). Different combinations of
those traits can be found across the eukaryotic tree. The nu-
clear envelope can either remain intact during mitosis
(closed mitosis) or it can be partly or completely dispersed
(semi-open or open mitosis). When the nuclear envelope
remains intact, the position of the central spindle can either
be intranuclear or extranuclear. The symmetry of the spin-
dles can either be axial (orthomitosis) or bilateral (pleuromi-
tosis). Almost all combinations of those three traits can be
found in eukaryotes, with the exception of open pleuromi-
tosis and closed extranuclear orthomitosis that are topo-
logically ~self-exclusive (Raikov 1994). During open
orthomitosis, the nuclear envelope dissolves completely
and the spindles have an axial symmetry. This form of mi-
tosis can be found for example in the algal species
Chilomonas paramecium (Heywood 1988) and Isochrysis
galbana (Hori and Green 1985). If the nuclear envelope dis-
perses only partly and the symmetry of spindles is axial, the
mitotic type is called semi-open orthomitosis. This process is
not universal and can be found in several variants (reviewed
in Raikov 1994). Examples for this type of mitosis have been
found in Amoeba proteus (Gromov 1985) and the algal fla-
gellates Pavlova lutheri and Pavlova salina (Green and Hori
1988). During semi-open pleuromitosis, the nuclear enve-
lope disperses partly and the spindles have a bilateral sym-
metry. This type of mitosis is typical for species of the
phylum Apicomplexa and was found for example in
Aggregata eberthi (Bélai 1926). Species that perform
closed intranuclear pleuromitosis have an intact nuclear
envelope with bilaterally symmetrical intranuclear spindles.
This constellation can be found in a variety of species
across the eukaryotic tree, including for example fungi,
Kinetoplastida, and Haplosporidia (Heath 1980). Closed in-
tranuclear orthomitosis is characterized by an intact nuclear
envelope with intranuclear spindles that have an axial sym-
metry. Multiple variants of this type can be found in eukar-
yotes (reviewed in Raikov 1994). One variant for example
has been found in the testate amoebae Arcella vulgaris
(Raikov and Mignot 1991). The remaining combination of
states is a closed extranuclear pleuromitosis. The interesting
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Fia. 1.—Mitotic traits and combinations studied in this manuscript (using symbolism of Raikov 1994). During mitosis, the nuclear envelope can remain
intact (closed), disperse partially (semi-open), or disperse completely (open). If the nuclear envelope stays intact during mitosis, the spindles can be either intra-
nuclear or extranuclear. The symmetry of spindles is divided into axial symmetry (orthomitosis) and bilateral symmetry (pleuromitosis). An asterisk (*) indicates
that the combination is not possible according to Raikov (1994).
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part of this type of mitosis is that the spindles are extranuc-
lear with a bilateral symmetry although the nuclear enve-
lope stays intact. One prominent species with this type of
mitosis is Trichomonas vaginalis (Ribeiro et al. 2005).
Different types of mitosis have been observed within eu-
karyotes, but there is no consensus concerning the type of
mitosis within LECA. This is mainly due to open and closed
mitosis being widespread across various groups of eukar-
yotes (Sazer et al. 2014). It has been suggested that closed
mitosis must have been the ancestral state as it occurs among
suspectedly primitive or simple eukaryotic organisms
(Pickett-Heaps 1969; Leedale 1970; Pickett-Heaps 1974).
Though it has been suggested that mitosis is never complete-
ly open mitosis nor completely closed (Dey and Baum 2021),
the terms have standard meaning and eukaryotes studied
can be classified along that spectrum. Open mitosis of ani-
mals and streptophytes has been interpreted as convergent
secondary adaptions (Cavalier-Smith 2010). Another correl-
ation concerns the fate of the nuclear envelope and the
size of the eukaryotic cell. A larger cell results in a larger nu-
cleus due to the classical “Kernplasmarelation” or karyoplas-
mic ratio (Hertwig 1903; Jorgensen et al. 2007; Neumann
and Nurse 2007). As a consequence of this, a larger nucleus
has a larger change in surface during mitosis. The amount of
additional membrane that has to be produced in order to
perform closed mitosis could force large cells to change their
mitosis to an open mitosis (Boettcher and Barral 2013).
Some species can exhibit more than one mitotic type de-
pending on the life cycle stage. For example, the slime mold
Physarum polycephalum can form a syncytial plasmodium
with multiple nuclei but can also exist as a uninucleate
amoeba. Depending on the phase of its life cycle, its mitotic
type changes. In its syncytial (multinucleated) state, it
undergoes closed mitosis and switches to open mitosis dur-
ing its uninucleate phase (Solnica-Krezel et al. 1991;
Tanaka 1973). This mitotic polymorphism during different
phases of the life cycle is also seen in Physarum flavicomum.
Throughout its myxamoebal form the nuclear envelope dis-
perses during prometaphase and remains absent until telo-
phase, whereas during its plasmodial form, the nuclear
envelope remains intact and slightly discontinuous at the
poles in late stages (Aldrich 1969). Closed nuclear division
with intranuclear spindles is typical for cells with a syncytial
(multinucleated) habit. This is because open mitosis or ex-
tranuclear spindles in a syncytium would lead to micro-
tubule attachment to chromosomes from different nuclei,
hence missegregation of chromosomes and therefore a fail-
ing mitosis (De Souza and Osmani 2007). Skejo et al. (2021)
recently published ancestral state reconstructions (ASRs) in-
dicating that LECA possessed a syncytial morphology, in
contrast with standard depictions of LECA as a mononu-
cleated cell, but consistent with earlier suggestions (Garg
and Martin 2016) that the syncytial habit of LECA would
dramatically ease the transition from prokaryotic to

eukaryotic cell division. Here we investigate the ancestral
state of mitosis in LECA.

Results and Discussion

Framework and Data

We used a data set of 4 eukaryotic traits (3 mitotic traits)—
nuclear envelope during mitosis, symmetry of the spindle
apparatus, the position of the central spindle in the pres-
ence of an intact nuclear envelope, and sexual reproduc-
tion, as well as the distribution of these traits across 150
eukaryotic species spanning a total of 6 lineages:
Opisthokonta, Archaeplastida, Hacrobia, Excavata, SAR,
and Mycetozoa (fig. 2; see Methods for details). We per-
formed ASR in order to time the origin of these traits rela-
tive to the LECA. We clustered 1,848,936 protein-coding
genes from the 150 eukaryotic genomes using MCL
(Enright et al. 2002) and obtained a total of 239,012
gene families as previously described (Bremer et al. 2022).
Since the reconstruction of a reliable eukaryotic species
tree remains challenging and the position of the root in
the eukaryotic tree is still debated (Williams 2014; Keeling
and Burki 2019; Burki et al. 2020), we used a total of
1,789 gene families with at least one representative species
of each of the six supergroups. The reconstruction of a re-
liable species tree is furthermore complicated by the paucity
of “universal” orthologs in the data set. The causes for this
are frequent gene duplications and gene losses.

Our approach of analyzing 1,789 rooted gene trees—in-
stead of one or a few published rooted species trees—covers
a wider range of phylogenetic history recorded in genes.
Each eukaryotic gene tree has its own history and therefore
the root position will vary across different trees. This is im-
portant because eukaryotic evolution (and evolution in gen-
eral) is, obviously, not recorded or reconstructed the same
for each gene. If all eukaryotic genes tended to generate
exactly the same tree, the eukaryotic tree would have been
inferred, and rooted, decades ago. One could also argue
that our method has some similarities with conventional
methods. The analysis of widely distributed genes, in our
case distributed in each supergroup, is similar to the summa-
tion of signals across a sample of gene trees in the case of
building a consensus tree. In our method, we have the bene-
fit that the individual phylogenetic signal of each gene is re-
corded because the analyzed gene trees were reconstructed
from independent phylogenetic markers.

LECA Reconstructs With Closed Intranuclear
Orthomitosis and Sexual Reproduction

We labeled the species at the tips of each tree according to
their trait-state annotations and performed maximum-
likelihood ASR. A gene tree was informative for ASR of a
given trait if it contained representative species for both
possible trait states. Trees with only one trait state across
all annotated tips were not considered for ASR as they
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Fic. 2.—Presence (filled circle) absence (empty circle) distribution of 4 traits in 150 eukaryotic species. Species with no circle for a given trait indicate miss-
ing annotation. The reference tree was inferred from the alignment of 185 RNA sequences, rooted on the Excavates branch, with the sole purpose of data
display (see Methods). Tip labels are species codes (see supplementary table S1, Supplementary Material online, for complete species names and detailed trait
annotations). The first character of the species codes indicates supergroup affiliation of the species: Excavates (E), Mycetozoa (M), Hacrobia (H), Archaeplastida
(A), SAR (S), and Opisthokonta (O). The shades of gray show the clades of the six eukaryotic supergroups.

were uninformative. Due to the fact that each tree has at
least one representative from each of the six eukaryotic
supergroups, the root corresponds to LECA. In a first
step, we summarized the ASR across all trees by counting
the frequency of each trait-state appearance in LECA (table
1). High frequencies indicate the most likely state of a trait
in LECA, whereas low frequencies indicate lineage specific
origins of the trait or errors.

With this majority rule, we found that 90% of the trees
reconstruct a closed nuclear envelope at the root node and
therefore in LECA. An absence of this trait state in LECA
was only found in 2% of the trees. The remaining 8%
had ambiguous results at the root node. Our analysis also
shows that 65% of the trees recover orthomitosis as the an-
cestral state, whereas only 9% result in pleuromitosis in
LECA. The remaining 26% of the trees have unresolved
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Table 1

Maximum-likelihood Ancestral Reconstruction of 4 Traits From 150 Eukaryotic Species, Across a Broad Sample of Gene Trees as Estimates of the Underlying
Phylogeny

Trait Presence Absence Ambiguous Total (V)
Single-copy gene trees

Closed nuclear division 13 (62%) 0 8 (38%) 21
Orthomitosis 8 (40%) 0 12 (60%) 20
Intranuclear spindle 3 (15%) 3 (15%) 14 (70%) 20
Sexual reproduction 10 (91%) 0 1(9%) 1"
Multicopy gene trees

Closed nuclear division 1,595 (90%) 29 (2%) 144 (8%) 1768
Orthomitosis 1,152 (66%) 154 (9%) 448 (25%) 1754
Intranuclear spindle 782 (44%) 491 (28%) 494 (28%) 1767
Sexual reproduction 1,480 (98%) 2(0.1%) 23 (1.5%) 1505

Note.—Absolute values indicate the number of trees with a trait state (presence/absence) tracing to LECA. The total number of trees used (N) as well as the number of
trees with ambiguous reconstructions in LECA are indicated. All analyzed traits were modeled as binary traits.

ASR for that trait. For the third trait, we reconstructed intra-
nuclear spindle in 44% of the analyzed trees. The absence
of this trait, and therefore the presence of extranuclear
spindles, was recovered only in 28% of the trees and the re-
maining 28% of the trees had ambiguous results. The ma-
jority rule indicates that LECA had a closed nuclear
envelope with axial symmetry of the spindle apparatus
and intranuclear spindles.

The reconstruction of the sexual reproduction resulted
in 98% of the trees with this trait being present in LECA
and <2 % with ambiguous results. The absence of this trait
was only recovered in 0.1% of all analyzed trees. The pres-
ence of sexual reproduction in LECA is in accordance with
the conservation of meiosis across all major eukaryotic
groups despite a remarkable variability of this process
across the eukaryotic tree (Egel and Penny 2007; Loidl
2016).

Whereas the reconstructions of a sexual reproduction
and a closed nuclear envelope were robust, the analyses
for orthomitosis and intranuclear spindles had a higher
proportion of unresolved reconstructions, with both
however still favoring presence of the trait in LECA. To
further analyze these ambiguities, we tested the statistic-
al significance of our results by matching marginal prob-
abilities of all possible trait states for each tree (fig. 3).
This was done regardless of the reconstruction results
in LECA (trait-presence, trait-absence, or unresolved).
The differences in distributions were assessed using the
Wilcoxon-signed-rank test. This test is a refinement rela-
tive to the majority rule as it not only uses the reconstruc-
tion result at LECA, but also takes the magnitude of
probabilities into account. The advantage of this analysis
is that we can also look at trees with unresolved ASR
in LECA. The two-tailed Wilcoxon tests indicate that
closed nuclear envelope, orthomitosis, intranuclear spin-
dle, and sexual reproduction were present in LECA at
P<0.01.

The 200 Best Trees for Tree Quality, Sampling, and
Conflicting Evidence Recover the Same Reconstructions

Ancestral state reconstructions depend on the quality of
the underlying gene trees. This quality can be influenced
by the sequence alignment, the rooting or species sam-
pling. In order to show that our reconstructions with
1,789 trees are not the result of low-quality trees, we exam-
ined the tree quality for eight independent criteria by ana-
lyzing only the top 200 trees for each criteria individually.
Quality of sequence alignments was tested by performing
heads or tails (HoT) analyses (Landan and Graur, 2007).
For this, we compared the original alignment (heads)
against the alignment that was obtained using the same se-
quences, but in reverse amino acid order (tails). Our analysis
showed that tree quality in the majority of our 1,789 trees is
high. Most trees have a mean column score above 0.6 and a
mean residue pair score above 0.9. Additionally, ASRs of
only the best 200 trees according to both scores individually
uncover the same reconstructions (supplementary fig. S1,
Supplementary Material online). The Wilcoxon tests are sig-
nificant for almost all traits, except for the intranuclear spin-
dle, yet the reconstruction of closed orthomitosis as the
ancestral state inevitably leads to intranuclear spindle as
this is the only possible combination of these three trait
states (see fig. 1). Therefore, the alignment quality does
not impact our results obtained with 1,789 gene trees.
Tree rooting can have an influence on the results of ASRs.
The rooting method we used for our trees is the minimal an-
cestor deviation (MAD) approach (Tria et al. 2017). It has
been shown in independent studies that this approach out-
performs other current rooting methods (Wade et al. 2020;
Lamarca et al. 2022). Additionally, MAD does not require an
outgroup for rooting a gene tree. Here, we analyzed two
root scores: the ancestor deviation (AD) statistic and the
root ambiguity index (Al). AD scores measure the degree
of deviation from the molecular clock corresponding to the
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Fic. 3.—Distribution of marginal probabilities for alternative trait states in LECA across a maximum of 21 single-copy gene trees (A,C,E,G; without para-
logs) and a maximum of 1,768 multicopy gene trees (B,D,F,H; with paralogs). All traits were treated as binary traits. The number of trees used in the analyses
are show in table 1. Trait states with high probabilities of reconstructing to LECA in the trees have distributions (colored lines) that are right shifted in the plots,

for example, sexual reproduction (G, H).

inferred root. Al scores are the ratio of AD scores for the
inferred root over the second-best root. Both scores
were noticeably similar for trees uncovering different trait
states at the root node. This suggests that our rooting

method did not cause significant bias during reconstruc-
tions. The Wilcoxon tests for the top 200 trees judged by
AD and Al recovered the same reconstruction results,
with the exception of intranuclear spindle being not
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Fie. 4—Distribution of supergroups descending from origin nodes across 1,789 trees. For each internal node reconstructed as a trait origin, all the species
(tips) descending from it were used to score an origin to the combination of supergroups (filled circles) to which the descending species belong. Origins at the
root node (LECA) are shown in red (number of origins: 1608; 1160; 785; 1490).

significant  (supplementary fig. S1, Supplementary Another aspect that can influence the results of ASRs are
Material online). As explained above, the only possible the sampled species within the analysis. For the construc-
combination having a closed mitosis and axial spindle tion of gene clusters, we avoided metagenomic and tran-
(orthomitosis) requires intranuclear spindle (see fig. 1). scriptomic sequences. It has been shown recently that
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there is more contamination, base calling and assembly er-
rors in those sequences (Garg et al. 2021). We relied on
genomic sequences mainly from RefSeq (O’Leary et al.
2016; see Supplementary file 1, Supplementary Material
online). It is inevitable due to our tree selection (at least
one species from each eukaryotic supergroup) that gene
families are not uniformly distributed across the sampled
genomes. We therefore tested four different criteria to in-
vestigate the effect of differential sampling: (1) the total
number of operational taxonomic units; (2) the total num-
ber of species; (3) the fraction of basal lineages (Excavates
and Mycetozoa) relative to Opisthokonts; and (4) the frac-
tion of the least frequent trait state occurring at the tips
of our trees. The Wilcoxon tests for the top 200 trees inde-
pendent for all four sampling criteria significantly recovered
the same reconstructions we found while using 1,789
trees. The only exception is, once again, the intranuclear
spindle being only significantly recovered in two out of
the four cases: total number of species and fraction of
the least frequent trait state (supplementary fig. S1,
Supplementary Material online). It is still the only possible
state for this trait due to the other significant reconstruc-
tions (see fig. 1).

Timing Trait Origins Relative to the Emergence of
Eukaryotic Supergroups

We investigated eukaryotic species that descended from in-
ternal trait origin nodes in order to time the origin of those
traits relative to the divergence of the six eukaryotic super-
groups that were considered here: Opisthokonta,
Archaeplastida, SAR, Hacrobia, Excavata, and Mycetozoa.
For this, we recorded the combination of descending spe-
cies of each internal origin node for each trait across all
trees. The distribution of those combinations of super-
groups was plotted (fig. 4). Internal origin nodes are de-
fined as internal nodes with a newly acquired trait state

Table 2
Summary Statistics for the Number of Trait Origins Across Trees

that is not present in its parent node. We distinguish be-
tween a descending combination of all six supergroups
that has its trait origin at the root node (six red circles)
from trait origins with descendants from each supergroup
that were found at other internal nodes (six black circles).
The former case identifies the presence of the trait at the
root (LECA). The latter case identifies the presence of a
node in the tree that subtends descendants of all six super-
groups but is not the root (LECA), which would be compat-
ible with trait origin in LECA but could also be the
consequence of phylogenetic error or duplications
(Bremer et al. 2022).

Combinations with a high frequency (fig. 4) likely re-
present a true origin node in the underlying supergroup
phylogeny. Low-frequency supergroup combinations can
be interpreted as likely conflicting results. In three out of
the four analyzed eukaryotic traits the results are very clear.
For the trait “closed nuclear division,” we see that the ma-
jority of origin nodes is found in the root node of the tree
(n=1,608). The same was observed for the trait “sexual re-
production.” Almost all origins of the trait were found in
LECA (n=1,490). “Orthomitosis” also has the majority of
origins in the root node (n = 1,160) followed by additional
origins with descendants of all six supergroups that were
not at the root node (n =396). Origin nodes for “intranuc-
lear spindles” were found with a wider spectrum of combi-
nations of descending supergroups. The highest number of
origins was found in Opisthokonta (n=801) followed
closely by origins within LECA (n=785), Archaeplastida
(n=611)and SAR (n = 559), indicating that for the present
sample, intranuclear spindles are more common in opistho-
konts than in other supergroups.

Number of Origins of Different Traits Across Eukaryotic
Trees

When looking at the origin of a trait in the tree, it is not only
of interest to investigate the ancestral state, but also how

Trait Number of origin®

Terminal nodes Internal nodes All nodes
Single-copy gene trees
Closed nuclear division 2,1,297 1.23,1,0.88 3.23, 2,3.59
Orthomitosis 1.45,1,1.88 1,1,0.56 2.45,2,1.90
Intranuclear spindle 1.8, 2, 1.40 0.85,1,0.93 2.65, 2.5, 1.27
Sexual reproduction 0.64, 0, 1.57 1.18,1,0.75 1.82, 1, 1.60
Multi-copy gene trees
Closed nuclear division 0.69, 0, 1.83 1.64, 1, 1.58 2.33,1,3.17
Orthomitosis 0.43, 0, 2.69 1.22, 1, 0.68 1.6, 1,289
Intranuclear spindle 1.94, 2, 1.90 2.35,2,1.38 4.29, 4,2.88
Sexual reproduction 0.75, 0, 1.26 1.38, 1, 1.07 2.13,1,2.04

Nore.—Trait origin in internal and terminal nodes are distinguished. Single-copy trees (without paralogs) were distinguished from multicopy trees (with paralogs).

2Numbers indicate mean, median, and standard deviation across trees.
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many times a trait arose within eukaryotes. In order to ana-
lyze this, we counted the number of origins for each ana-
lyzed gene tree. The average number of origins of all
analyzed traits are shown in table 2. Despite no trait having
a clear single origin, the number of average origins is still
comparatively low. This makes sense as all analyzed traits
have been reconstructed to being ancestral in LECA. The
additional origins within the trees can be the results of turn-
overs of these traits. As we already highlighted above, the
syncytial state of a cell favors a closed mitosis and therefore
a change in the lifestyle could have also changed the traits
analyzed here. We have recently shown that LECA was mul-
tinucleated, but the trait itself had a high turnover rate ran-
ging on average from three to seven origins per tree (Bremer
et al. 2022). The present data indicate that mitotic traits
evolved more stable than the multinucleated state, whereby
the presence of an intracellular spindle and closed mitosis are
required for the syncytial state to become manifest.

Conclusions

Despite the reconstruction of LECA being syncytial with
closed orthomitosis using intranuclear spindles, is it still
possible that open mitosis was somehow present in LECA
but escaped identification? The key difference between
open and closed mitosis concerns continuity of the nuclear
envelope. A complete breakdown and reassembly of the
nuclear envelope at every cell division requires more in
the way of membrane fragmentation and reassembly pro-
cesses (Heath 1980) than closed mitosis, which is mechan-
istically simpler, entailing enlargement and median
constriction of the nuclear envelope (reviewed in Ungricht
and Kutay 2017). Eukaryotes arose from simple prokaryotic
ancestors having prokaryotic chromosome and cell division
processes. The presence of closed mitosis with intranuclear
spindles in a syncytial LECA eases the prokaryote to eukary-
ote transition, because it decouples the processes of
chromosome division, chromosome partitioning, and cell
division (cytokinesis), allowing them to evolve in sequence
as independent traits rather than simultaneously, while
also buffering for the existence of defective chromosome
combinations through intracellular complementation
from nuclei with viable chromosome combinations via
MRNA in the cytosol. Therefore, it is unlikely that open mi-
tosis was present in LECA and escaped identification. In
summary, the present findings indicate that LECA had, in
addition to a nucleus (Mans et al. 2004; Bapteste et al.
2005; Neumann et al. 2010), an endoplasmic reticulum
(Kontou et al. 2022), linear chromosomes with centromeres
(Ishikawa and Naito 1999; van Hooff et al. 2017), flagellae
(Carvalho-Santos et al. 2011; Lindemann 2022), micro-
tubule organizing centers (Yubuki and Leander 2013), nu-
cleoli (Gardner et al. 2010; Hoeppner and Poole 2012),
meiosis and sex (Villeneuve and Hillers 2001; Loidl 2016),

facultatively anaerobic mitochondria (Mller et al. 2012;
Mills et al. 2022), and a syncytial habit (Skejo et al. 2021)
that lacked phagocytosis (Bremer et al., 2022), closed
orthomitosis with intranuclear spindles. In terms of overall
physiology and lifestyle, LECA is beginning to look like a
filamentous fungus (Martin et al. 2003) able to survive in
anaerobic environments.

Materials and Methods

Phylogenetic Trees

We clustered protein sequences from 150 eukaryotic gen-
omes by firstly performing an all-versus-all BLAST
(Altschul et al. 1990) and selecting the best reciprocal
BLAST hits with an expectation value (e-value)<107'°.
Those hits were then globally aligned using the
Needleman-Wunsch algorithm implemented in the
EMBOSS needle program (Rice et al. 2000). Protein pairs
with a global identity <25% were discarded before cluster-
ing with the MCL algorithm (Enright et al. 2002), version
12-068 using default parameters. A total of 1,789 protein
clusters that possessed at least one species of each eukary-
otic supergroup were found and selected for further ana-
lyses. Alignments of those protein clusters were
generated using MAFFT (Katoh et al. 2002), using the itera-
tive refinement method that assimilates local pairwise
alignment information (L-INS-i). The alignments were not
trimmed and maximum-likelihood trees were recon-
structed with IQ-Tree (Nguyen et al. 2015), using the best-
fit model and the following parameters: “-bb 1000" and
“-alrt 1000.” We differentiated between trees without
paralogs (single-copy trees) and trees with paralogs (multi-
copy trees) for further analyses. The trees were rooted with
MAD (Tria et al. 2017). All 1,789 analyzed trees showed no
ambiguous root inferences.

Trait Annotation, Coding, and Definition

All four analyzed traits were coded as binary traits (presence
“1" orabsence “0"). While the sexual reproduction may be
either present or absence, the mitotic traits have to be seen
a little different. An absence for the closed nuclear division
means that the nuclear envelope is open or semi-open dur-
ing mitosis. For the intranuclear spindles, an absence corre-
sponds to extranuclear spindles and the absence of
orthomitosis (axial symmetry) stands for pleuromitosis (bi-
lateral symmetry). The annotation of traits is based on lit-
erature (supplementary table S1, Supplementary Material
online). Not every species in our data set is annotated for
every trait in literature. We therefore applied a majority
rule for each group in question. If there is data on the exact
ancestral state of a trait, we annotated it to be present in
the whole group. In cases where only one representative
of a group is annotated in literature, this annotation was
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suspected to be present in the whole group. Groups with
different annotations for different members were annotated
by majority rule. No cases with a 50:50 distribution were
found in our data set. Two species in our data set are an-
notated with incompatible mitotic combinations (closed
orthomitosis with extranuclear spindle): Chlamydomonas
reinhardtii and Volvox carteri, both members of the taxon
Chlorophyceae. Although the combination of traits itself
is incompatible, the majority rule resulted in this combin-
ation for the group.

Ancestral State Reconstruction

The reconstruction of ancestral states was performed using
PastML version 1.9.20 (Ishikawa et al. 2019). The chosen
parameters were a maximum-likelihood approach based
on marginal posterior probabilities approximation and the
F81 model of character evolution (Felsenstein 1981). We
annotated the tips of the trees based on a trait matrix for
the 150 eukaryotic species (supplementary table ST,
Supplementary Material online), with the inclusion of miss-
ing data (unknown tip state). Trees with the same state of a
trait at each tip of the tree were discarded from the analysis
for this specific trait. Analyses of phylogenetic trees and
trait origins were performed using the python toolkit
Environment for Tree Exploration ETE v3 (Huerta-Cepas
et al. 2016).

18S RNA Reference Tree

The reconstruction of a reference tree was performed with
18S RNA sequences for all 150 eukaryotes in our data set.
Sequences were primarily searched for in the SILVA rRNA
database (release 138.1 from November 2020; Quast
et al. 2013). As not all eukaryotic species from our data
set were found within this database, sequences were sec-
ondarily searched for within the PR? sequence database
(version 4.12.0 from August 2019; Guillou et al. 2013).
For a total of eight species, we were not able to find 185
RNA sequences in both databases and therefore used alter-
natives from the same genus. We generated an alignment
using MAFFT (Katoh et al. 2002), using the iterative refine-
ment method that assimilates local pairwise alignment in-
formation (L-INS-i), reconstructed a maximum-likelihood
tree with 1Q-tree (Nguyen et al. 2015) and rooted the result-
ing tree on the branch leading to Excavates. The sole pur-
pose of the reconstruction and rooting of this tree was to
display our data.

Supplementary Material

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

Gene loss is an important process in genome evolution, though its power is often underestimated. If a gene is present at the root
of a phylogenetic tree and can be lost in one lineage across the tree, it can potentially be lost in all, leading to gene extinction. Just
before gene extinction, there will be one lineage that still retains the gene, generating a “last-one-out” distribution. Such an isolated
gene presence will emulate the result of recent lateral gene acquisition, even though its distribution was generated by loss. How
probable is it to observe “last-one-out” distributions in real data? Here, we mathematically derive this probability and find that it is
surprisingly high, depending upon the tree and the gene loss rate. Examples from real data show that loss can readily account for
observed frequencies of last-one-out gene distributions that might otherwise be attributed to lateral gene transfer.

Keywords: gene loss; lateral gene transfer; birth-death process

Introduction

Gene loss is an important and ubiquitous mechanism of genome
evolution. In prokaryotes, gene loss acting on the whole genome
is traditionally called reductive evolution (Andersson and Kur-
land 1998, van Ham et al. 2003, Oshima et al. 2004, Hosokawa et
al. 2006) and can result in miniscule genome sizes in parasites
and endosymbiotic bacteria, the current record being Macroste-
les quadrilineatus (Moran and Bennett 2014) an endosymbiotic
bacterium of leafhoppers that harbors only 137 protein-coding
genes. Reductive evolution is also observed in symbiotic archaea
(Waters et al. 2003) and in eukaryotes, especially among intracel-
lular parasites (Tovar et al. 2003, Nicholson et al. 2022). Genome
reduction through gene loss is also the central underlying theme
of genome evolution in mitochondria and plastids, the endosym-
biotic organelles of eukaryotic cells (Moore and Archibald 2009),
which can sometimes lose their genomes altogether (Mtller et
al. 2012), because many genes lost from organelle genomes have
been transferred to the nucleus (Martin et al. 1998, Timmis et al.
2004). In eukaryotes, gene loss is also very common and partic-
ularly well studied following whole-genome duplications (Blanc
and Wolfe 2004, Kellis et al. 2004, Brunet et al. 2006, Scannel et al.
2006), where duplicate gene copies are rapidly lost by mutation,
restoring diploid genetics in chromosome polyploids (Blanc and
Wolfe 2004). Additionally, gene loss is often seen as a driving fac-
tor in genome evolution (Olson 1999, Albalat and Cafiestro 2016,
Guijarro-Clarke et al. 2020). In general, if a gene belonging to a
clade can be lost once in one lineage during evolution, it can be
lost again in other lineages as well.

In comparative genome studies, gene loss is easy to detect if
losses are rare, as shown in Fig. 1. If most genomes in a sample

contain a given gene of interest, but one or a few do not, there
can be little doubt that gene loss has occurred in the genomes
lacking the gene. But the more common loss is, the more diffi-
cult it becomes to distinguish from lateral gene transfer (LGT). If
a given gene is present in about half of the genomes in a sample,
the decision between loss and LGT becomes a matter of weighing
the relative probabilities of LGT and gene loss, entailing an a priori
assumption that LGT is roughly as common as loss. In eukary-
otes, gene loss is much more common than LGT from prokary-
otes (Ku et al. 2015, Ku and Martin 2016). But there have been
a number of highly publicized claims for widespread LGT to eu-
karyotes, though, for example “hundreds” of LGTs in the human
genome (Consortium 2001) or fully “17%” of the tardigrade (a prim-
itive animal) genome being the result of recent LGTs (Boothby et
al. 2015). Both the human genome LGT claims and the tardigrade
LGT claims were reinspected and turned out to be data contam-
inations and data interpretation problems, not LGT (Salzberg et
al. 2001, Stanhope et al. 2001, Koutsovoulos et al. 2016, Salzberg
2017). Most reports of LGT in eukaryotes are not critically rein-
spected, but they are highly cited (Martin 2017, Keeling 2024).
Nonetheless, there are cases where contaminations can effec-
tively be ruled out—for example when a gene in question is ob-
served in the genome sequence of several individuals from a given
species (Koutsovoulos et al. 2016). Distributions of the type seen in
Fig. 1(c) are observed in real data for eukaryote genomes, where
LGT might appear to be the most likely cause, because the pos-
sibility of many independent losses as the cause of the pattern
would seem, at face value, extremely unlikely.

But is gene loss leading to last-one-out topologies really un-
likely? Or do we just assume it is unlikely, thereby opting to sug-
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Figure 1. Hypothetical phylogenetic species trees showing the presence and absence of genes across all species in the trees. A circle with a cross
indicates that the gene is present in this species, an empty circle indicates that a gene is absent. (a) A distribution where gene loss most likely
appeared on the branches to two species. (b) A case where the distribution of the genes that are present and absent is almost equal across the species
tree. The decision between LGT and gene loss is highly dependent on the weighing of their relative probabilities. (c) Illustrates a case where the gene is
only present in one species. An easy (but not necessarily true) explanation for this would be LGT. This gene distribution across the tree can also be the
result of a minimum of four gene losses if the gene was already present at the root node.

gest that LGT was at work without even testing the possibility that
the distribution is actually the result of many independent losses.
Are there even tools available to test such a case? This answer,
until now, has been no. Many analytical tools to study prokary-
otic genomes are currently in use that employ different and usu-
ally predetermined gain/loss ratios that are designed to differ-
entiate between loss and LGT (Goodman et al. 1979, Page 1994,
Bansal et al. 2012, Szollsi et al. 2013). In many cases, the over-
all average ratio of gene loss to LGT ends up being close to 1 in
such applications, for obvious reasons. If loss predominates, then
genomes steadily decrease in size across the reference tree (that
is, ancestral genomes inflate), and if LGT predominates, genomes
steadily increase in size across the reference tree (that is, ances-
tral genomes become too small) (Dagan and Martin 2007). Some
tools for estimating loss versus LGT in current use can entail dif-
ferences in loss versus transfer probabilities for individual genes
that differ by 20 orders of magnitude (Bremer et al. 2022).

If gene loss is the predominant mode of genome evolution for a
given gene in a given group, it will become lost in many lineages,
ultimately in all. Just before the gene goes extinct in the group,
however, there will exist a state in which the gene is present in
only a few genomes, and finally, over time, only in one genome
of the group. If this gene is in a eukaryote, but has homologs in
prokaryotes, gene loss in eukaryotes will produce a pattern that
looks exactly like LGT: The gene is present in prokaryotes and
one (or a few) eukaryotes. Under a loss-only mode of evolution,
the last-one-out looks like an LGT, but the pattern was generated
solely through gene loss. Here, we address the question of how
likely it is to observe a last-one-out gene distribution under loss-
only models.

Results

Mathematical modeling and algorithms

We now describe mathematical and computational methods to
investigate the probability of last-one-out scenarios in both syn-
thetic and real trees. We assume that each gene in a phylogeny

Figure 2. Hypothetical phylogenetic tree T with the subtrees T;, T,..Ty
and branch length ¢.

can be lost along each lineage of a tree according to a continuous-
time Markov process with loss rate p, and which operates inde-
pendently across genes and lineages.

Recursion for a given tree
Let Tbe a rooted tree with a stem edge of length ¢, and let Ty, T5...Ty,
denote the subtrees of T incident with this stem edge, as shown in
Fig. 2. Although the lengths of edges may correspond to time, and
so be ultrametric, the algorithm described in this first section does
not assume that edge lengths are ultrametric. Let = denote the
probability that a gene g that is present at start of the stem edge
of T is present in exactly one leaf of T, and let #;* denote = (the
corresponding probabilities for the subtrees T;...,T;). To calculate
nf recursively, we also need to calculate the probability =t that g
is not present at any of the leaves of T, and we let ; denote nr,.
Note that if T consists of just a single stem edge of length ¢ (the
base case in the recursion), then 7 = 1 — e~** and = = e~**. Thus
we may suppose that k > 2. The following result (proved in the Ap-
pendix) provides a polynomial-time way to compute these quan-
tities recursively via dynamic programming (progressing from the
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leaves to the root). Note that both Parts (i) and (ii) are required for
computing 77t

Proposition 1. For the tree shown in Fig. 2, the following recur-
sions hold:

nr = (1—e ™)+ e .., (1)
e s

i = e Mmmy.m, (*1 + 24+ 2)
71 M i

For binary trees, Equation (2) simplifies to:
nf = e (mny + ). (3)

If there are G > 1 genes present at the top of the stem edge of T,
and losses occur independently among the genes (each with rate
1), then the number of genes that appear in just one leaf of T has
a binomial distribution with parameters (G, ;).

To illustrate Proposition 1 with a simple example, consider the
tree in Fig. 2, where each of the subtrees T..., Ty is a single leaf
at the same distance from the root, and ¢ = 0 (the “star tree”).
Under the gene-loss model, a gene that is present at the root of
the tree will be present at exactly one leaf of this tree precisely
if there are exactly k — 1 loss events. This might seem very un-
likely for large values of k. However, the probability of this event
can be as large as e~! = 0.367 even as k becomes large, provided
that p is chosen appropriately (and dependent on k); details are
provided in the “Analysis of the star tree” section of the Appendix.
Nevertheless, if we consider the posterior value of this probability
by taking a uniform prior on 1 — e * (setting the height of the
tree to 1), then this posterior probability tends to 0 as the number
of leaves of the tree (k) grows. The proof of these claims and the
analysis of this star tree when we allow ¢ > 0 are provided in the
Appendix. Of course, the star tree is a highly nonbinary tree, which
raises the question of whether 7} can be close to e=! when T is bi-
nary and the number of leaves is large. This is indeed possible: we
can simply resolve the polytomy at the root by using very short
interior edges to obtain a binary tree for which =; will be close to
the corresponding value for a star tree and hence can be close to
e~ for a suitably chosen value of p. However, for trees generated
by simple phylodynamic models, this is no longer the case, as we
demonstrate in the next section. The analyses in this manuscript
mainly focus on binary trees.

Random trees

Suppose now that T is generated by a standard birth-death model
(Kendall 1948, Lambert and Stadler 2013) with speciation rate A
and extinction rate v, starting from a single lineage at time t in
the past. The tree T is now a random variable, denoted T, and
the number of species at the present (denoted N;) is also a ran-
dom variable and has a (modified) geometric distribution with ex-
pected value E[N;] = e? V) We will suppose that A > v since
otherwise the tree T; is guaranteed to die out as t grows. Let 7;" be
the probability that a gene g that is present at start of the stem
edge of T is present in exactly one leaf of T;. The following result
precisely describes the maximum value that ;" can take as p (the
rate of gene loss) varies over all possible positive values. The short
proof is provided in the Appendix.

Proposition 2.
1 1

maxmt = ——— = —————.
" (1+at) (1+ lnﬁ[ﬁl)

()

Notice that although max, =" — 0 for Yule trees as they grow in
their expected size, the convergence is quite slow as a function of
the expected number of leaves of the tree, due to the presence of

Bremeretal. | 3

the logarithmic function on the right of Equation (4). Also, if there
are G > 1 genes present at time 0, then the expected number of
genes that will be present in just leaf of T; is G - =;". However, in
contrast to Proposition 1(iii), the number of genes present in just
one leaf of T; is no longer binomially distributed, since this num-
ber is now a compound random variable because it is dependent
on the random variable T;.

To illustrate Proposition 2, consider (pure-birth) Yule trees (i.e.
v = 0) with an expected number of 150 leaves. Then max, 7" ~
0.028, and so for 10000 independent genes and this optimal rate
of gene loss, the expected number of genes that would be last-
one-out (i.e. present in just one leaf of these Yule trees) would be
around 280. This provides some insight into the results described
in the next section.

Application to real genome data

To test this algorithm on real genome data we chose the example
of genes in eukaryotic genomes that have homologs in prokary-
otes but that are present in only one or a few eukaryotic lineages.
Such patterns are taken as evidence for the workings of differen-
tial loss, under the assumption that loss will generate such pat-
terns (Ku et al. 2015), or as evidence for the workings of LGT (Cote-
L'Heureux et al. 2022) under the assumption that LGT rather than
loss generates such patterns. The calculation of the probability of
a gene being present at the root node and remaining in exactly
one leaf of a eukaryotic tree requires a rooted species tree and a
gene loss rate j1. Reconstructing a eukaryotic species tree is chal-
lenging, and there is currently no consensus on the position of the
root (Keeling and Burki 2019, Burki et al. 2020). Although the loss
rates can be adjusted and averaged across a range of values, the
backbone trees with all their nodes, branches and branch lengths
are not that easily adjustable.

We started by investigating a set of ten eukaryotic gene trees
with 150 leaves each. These gene trees need not be representative
of the true phylogeny of eukaryotes, nor need they show a pat-
tern of gene distribution that could be indicated as LGT. They are
just used to test the algorithm, whereby the different trees were
selected merely to show that different phylogenies can have an
influence on the calculated probability of a gene being present
at the root node and remaining only in one leaf of a eukaryotic
tree. Furthermore, the different gene trees with 150 leaves provide
an opportunity to estimate the overall probability of observing a
last-one-out pattern if we consider thousands of eukaryotic genes
with prokaryotic homologs (Fig. 3). In Fig. 3, we assume that 10 000
genes were present in the last common ancestor of 150 eukary-
otes. For those trees, the mean probabilities across a range of dif-
ferent loss rates p, where 1 — e~* ranges from 0 to 1, result in 232
(lowest mean) to 790 (highest mean) last-one-out cases that would
look like LGT but actually are the result of differential loss in a
loss-only mode of evolution for a 10000 gene ancestral genome.
Looking at the median, we would find 11 (lowest median) to 755
(highest median) cases, depending on the tree itself. Since loss
rates are not constant over time, we cannot assume that these
percentages resemble the “real” amount of those cases due to dif-
ferential loss. This first look into the data with our new tool does
show, however, that last-one-out cases are by no means so rare
that they can be excluded a priori. If the loss rate is ideal, meaning
that the maximum probability of last-one-out cases for the given
tree is achieved, we would see between 532 (lowest maximum)
and 2502 (highest maximum) out of the 10 000 genes resultingin a
last-one-out scenario, which is a substantial frequency. That is, in
a study of 10000 gene families present in the eukaryotic common
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Figure 3. Ten eukaryotic gene tree phylogenies with 150 leaves each and the corresponding probabilities for a last-one-out scenario against 1 — e (u
= gene loss rate). The trees show various possibilities of species trees without assuming that those trees represent a real eukaryotic backbone tree.
They show that the phylogeny itself has an influence on the probability of a last-one-out scenario, but that the overall probability is comparably high.

ancestor, one would expect to observe dozens, hundreds, or even
thousands of last-one-out patterns in trees sampling 150 genomes
obtained solely as the result of differential loss. Put another way,
we would expect to observe last-one- out distributions at a fre-
quency that is not far off from the number of genomes in the tree.
These cases would appear, in a gene phylogeny, as a single eu-
karyote (or group thereof) branching within prokaryotic homologs.
Such cases are observed with real data.

Three test cases

The surprisingly high probability to observe a gene that is present
in the root node and only in one species or clade and lost in all
other leaves of a tree offers a new approach to investigate data
that looks like evidence for LGT based on a rare or sparse gene dis-
tribution. Differential loss can—and will—produce last-one-out
patterns that look just like lineage specific LGT. It is therefore
possible, if not probable, that some reports suggesting evidence
for LGT are perhaps last-one-out cases attributable to differen-
tial loss. We asked whether we could identify such cases in real
data. In the following, we examine two studies that propose LGT
as the cause of last-one-out topologies. Our aim is not to challenge
these specific papers, but simply to see if the model proposed here
(requiring only a tree, gene loss, and a specific case of gene dis-
tribution) can account for the data directly, without recourse to
LGT. The aim of our study was to get an exact method to calcu-

late the probability of observing such an event under a loss-only
process.

One recent study is very helpful. Cote-L'Heureux et al. (2022)
looked for lineage-specific presence of prokaryotic genes in eu-
karyotes that would provide the strongest possible evidence, in
their view, for the workings of LGT from prokaryotes to eukary-
otes. They sampled 13 600 gene families, 189 eukaryotic genomes
and 540 eukaryotic transcriptomes, looking for recent lineage-
specific LGT (topologies that we designate as last-one-out pat-
terns). Among the 13600 eukaryotic gene families sampled, they
found ~94 putative cases of LGT that represent a last-one-out pat-
tern, that is, a restricted single-tip distribution of a prokaryotic
gene in a eukaryotic genome or group, which they interpreted as
strong evidence for LGT. Our present findings (Fig. 3) indicate that
in Cote-L'Heureux et al. (2022) the number of cases identified in
their study (94) is very close to the lower bound of the expectations
for last-one-out topologies of similarly sized data sets, in which all
the last-one-out topologies can be accounted for by differential
loss alone, with no need to invoke LGT.

One clear prediction of lineage-specific LGT versus loss for last-
one-out cases is this: If lineage-specific acquisition is the mech-
anism behind the observed rare presence pattern for a eukary-
otic gene, then the acquisition would need to be evolutionarily
late (that is, a tip acquisition). That is, the prokaryotic donor and
the eukaryotic gene should share a higher degree of sequence
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similarity, on average, in comparison to genes that trace back to
the eukaryotic common ancestor. This is the reasoning behind
the analysis of Ku et al. (2015) and Ku and Martin (2016), who
looked for evidence of recent acquisitions of prokaryotic genes
in sequenced eukaryotic genomes. Ku et al. (2015) found that, in
eukaryotic genomes, rare genes that have prokaryotic homologs
were not more recently acquired (that is, they were not more
similar to prokaryotic homologs) than genes that trace back to
the eukaryotic common ancestor, suggesting that their rare oc-
currence is the result of differential loss rather than lineage-
specific acquisition (Ku et al. 2015, Ku and Martin 2016) (Fig. 4a
and b).

Cote-L'Heureux et al. (2022) employed the same test, making
the same kind of comparison that Ku et al. (2015) performed,
namely, they looked for cases in which the prokaryotic gene was
acquired recently by the eukaryotic lineage, using the criterion of
sequence similarity. What they found was the distribution shown
in Fig. 4(c), namely that the cases they suspected to be LGTs were
just as old, in terms of sequence divergence, as genes that were
acquired from the mitochondrion. In other words, there were no
obviously recent acquisitions, as all of the prokaryotic genes that
they interpreted as recent LGTs had the hallmark of ancient ac-
quisition, just as Ku et al. (2015) suggested. Cote-L’'Heureux et al.
(2022) offered no explanation for the finding that genes they in-
terpreted as recent acquisitions via LGT were just as ancient, in
terms of sequence identity, as genes acquired from mitochondria
(Fig. 4c). One interpretation is that the genes in their LGT class
were not LGTs after all but were the result of differential loss in-
stead. Differential loss directly explains why such genes show just
as much sequence divergence to prokaryotic homologues (Ku et
al. 2015) (Fig. 4c) as genes present in the eukaryotic common an-
cestor. LGT models would need to invoke an ad hoc corollary as-
sumption of substitution rate acceleration for every gene with a
last-one-out pattern to account for the absence (Fig. 4c) of eukary-
otic LGTs having high (> 70%) sequence similarity to prokaryotic
homologs. Differential loss requires no rate acceleration corol-
lary. Furthermore, the model presented here closely predicts the
frequency of observing last-one-out patterns under a variety of
topologies and loss rates, which becomes increasingly relevant as
new data point to a gene rich mitochondrial ancestor (Leger and
Gawryluk 2024).

A second recent study provide an additional opportunity to
test the method. We investigated a dataset of 332 budding yeast
species published by Shen et al. (2018). They reported 365 distinct
events of horizontal gene transfer to yeast lineages. Of those, 230
appeared to be species-specific. Could those 230 cases also be the
result of differential loss, unsuspected “last-one-out” cases? We
analyzed the species tree provided in Shen et al. (2018) for “last-
one-out” probabilities. The authors reported that the last common
ancestor of budding yeasts was similar to an archaetypal member
of its sister subphylum Pezizomycetes with ~10000-13 000 genes.
We were therefore able to calculate the mean and median proba-
bilities for a “last-one-out” and therefore the expected number of
these events (Fig. 5). The mean probability across all possible loss
rates in the interval between 0 and 1 for 1 — e™# is roughly 0.0287
and the median probability for this interval is 0.0229. If the last
common ancestor of budding yeasts had 10 000-13 000 genes, this
results in 287-373 genes being statistically the “last-one-out” for
the mean probabilities and 229-298 “last-one-out” cases for the
median probability. In comparison to the 230 analyzed cases that
are supposed to be the result of LGT according to Shen et al. (2018),
the statistical probabilities of observing these “last-one-out” cases
though differential loss (rather than LGT) is not unlikely at all, it is
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in agreement with the expectation, and our simple model is sur-
prisingly accurate.

As a third example, we examined a dataset where differential
loss rather than LGT was reported to be the cause of last-one-out
topologies. Ku et al. (2015) clustered 956 053 protein sequences
from 55 eukaryotic genomes across six supergroups and com-
pared them to a total of 6 103 025 protein sequences from prokary-
otes across 1847 bacterial and 134 archaeal genomes. They found
a total of 2585 eukaryote-prokaryote clusters and 101 eukaryotic
singletons [Supplemental Table 9 in Ku et al. (2015)] with prokary-
otic homologs. The ancestral genome size of the last eukaryotic
common ancestor of this dataset comprises 2686 genes. The cal-
culation of last-one-out probabilities yielded a mean probability
of 0.0967 and a median probability of 0.1057 (Fig. 6). Since the an-
cestral genome size was 2686 genes for this dataset, one would
expect on average 260 last-one-out cases and 284 cases using the
median probability using our method; the 101 last-one-out cases
observed are fewer than expected. In this example, our simple
algorithm again works on real world data. Considering that this
algorithm is based on a loss-only model of evolution, the lower
number of observed cases compared to expected cases will likely
be the result of gene duplications, which play a significant role
in eukaryotic evolution (Scannel et al. 2006, Hittinger and Carrol
2007, van de Peer et al. 2009), within this eukaryotic data set.

The role of selection

How do gene duplications and selection figure into this issue?
Gene duplications, genome duplications, and recurrent duplica-
tions leading to gene family expansions lead to growth of gene
families during evolution. Members of such families can, and do,
undergo differential loss in different lineages. For a gene that was
present in the eukaryote common ancestor, and that underwent
loss across eukaryotic lineages in such a manner as to generate
a last-one-out topology, the question arises about the role of se-
lection in that process. Clearly, if the gene in question was essen-
tial during eukaryote evolution, selection would have maintained
its presence in all lineages. Losses indicate phases of evolution
in which the gene was required under some conditions for some
lineages, with relaxed or absent selective pressures in others, al-
lowing loss in some lineages but retention in others, possibly as a
result of persistent selection or the gene having acquired a novel
function. Such an example can be found in the evolution of Fe-Fe
hydrogenases, where the gene is present and functional among
green algal lineages, which often experience anaerobiosis (Happe
and Kaminski 2002). Yet, during the transition to life on land in an
atmosphere of 21% O,, the gene lost its function in anaerobic en-
ergy metabolism, whereby a duplicate of the Fe-Fe hydrogenase
gene acquired a new function in O;-sensing in the land plant lin-
eage instead (Gould et al. 2019). Changing environments or devel-
opmental contexts can alter the selective pressures that act upon
gene retention, gene loss, or gain-of-function (Li et al. 2019).

Of course, it is also possible that selective pressures could, in
principle, lead to gene gain via LGT. What form of selection is
strong enough to cause LGT on time frames, where we can directly
observe the effects? The experiment has already been done, we
just need to tally the result—growth inhibitors. The best known,
and best studied, example of selection for LGT is the spread of an-
tibiotic resistance genes across bacteria in hospitals starting in the
1950s, which led to the discovery of both plasmids and LGT among
bacteria. A literature search returns, for example, over 97 000 pa-
pers on bacteria* and antibioticx and resistancex with over 14 000
of those papers containing the search terms plasmids or transfer
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Figure 4. Similarity of eukaryotic last-one-out cases to prokaryotic homologs. (a) Phylogenetic distribution of genes, where the eukaryotic gene is
considered to be the result of LGT due to its high similarity to one prokaryotic homolog. (b) The eukaryotic gene does not have a substantially high
similarity to its prokaryotic homologs. It can therefore not be the result of recent LGT and is more likely the result of differential gene loss. (c)
Supplementary Figure 9 from Cote-L'Heureux et al. (2022) showing that genes assumed to be the result of LGT are at most 70% similar to their
prokaryotic homologs. This finding supports the “70% rule” of Ku and Martin (2016) and furthermore shows that these cases are more likely to be the
result of differential loss instead of LGT. EGT: endosymbiotic gene transfer (genes acquired from chloroplasts or mitochondria); LGT: lateral gene

transfer; and VGT: vertical gene transmission.

(The "s" within the literature search are wildcards that stand for
any amount of possible characters). Though a small sample, this
underscores a point well-known among all microbiologists: bac-
teria immediately respond to antibiotic selective pressure by ac-
quiring resistance genes via LGT. Antibiotic resistance represents
a clear case of gene gain bringing selective benefit, in bacteria. Is
the same true for eukaryotes, where reports for LGT have recently
been reviewed (Keeling 2024)?

The closest eukaryotic equivalent to antibiotics in hospitals
would be the use of fungicides in agriculture, which have been
in use for over a century (Russell 2005). Does the strong selective
pressure exerted by fungicides also lead to LGT among fungi, a
group for which reports of LGT have also been reviewed (Richards
and Talbot 2013)? A literature search returns over 13000 papers
on fungx and fungicidx and resistancex, yet only 12 of those pa-
pers contained the search terms “horizontal gene transfs” or “lat-
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Figure 5. Probabilities of last-one-out cases across a spectrum of loss rates.
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Figure 6. Probabilities of last-one-out phylogenies across a spectrum of loss rates for a eukaryotic species tree of 55 genomes from Ku et al. (2015) with
forced monophyly for eukaryotic groups using a concatenated alignment of five genes universally present in those 55 genomes. For species that were
originally used in Ku et al. (2015) but do not have a representative in the RefSeq dataset, we chose alternative genomes that are taxonomically near the
original genomes. Alignments were generated using Multiple Alignment using Fast Fourier Transform (MAFFT) (Katoh et al. 2002), using the iterative
refinement method that assimilates local pairwise alignment information (L-INS-i). The tree was constructed with IQ-Tree (Nguyen et al. 2014), using
the best-fit model and forcing monophyly of eukaryotic groups described in Ku et al. (2015) and the tree was rooted with MAD (Tria et al. 2017).
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eral gene transfx"and only one of those 12 papers reported a case
of phylogenetic evidence for LGT among fungi for a putative (not
documented) resistance gene against cyanate (Elmore et al. 2015).
The other 11 papers were mainly about fungicide-induced mobi-
lization of plasmids in bacteria. Fungicide resistance represents a
clear case where gene gain via LGT could bring (life-saving) bene-
fit against a lethal selective pressure, but LGT is not observed. The
relative frequency of LGT events conferring resistance to growth
inhibitors (14 000 reported cases for bacteria, one possible candi-
date case reported for fungi) suggests that bacteria and fungi re-
spond very differently to selection pressure generated by growth
inhibitors. How do fungi respond?

Of course, resistance to fungicides is widespread and well-
known in agriculture, as are resistance to insecticides and herbi-
cides. Yet, the many known cases of resistance against fungicides,
insecticides and herbicides do not entail LGT; instead, they involve
de novo point mutations in the target-site encoding genes (fungi-
cides), selection of polygenic metabolic resistance from standing
variation (herbicides), and a combination of standing variation
and de novo mutations in the target site or major metabolic resis-
tance genes (insecticides) (Hawkins et al. 2019). That is, humans
have already performed the experiment involving the application
of strong selection pressure to prokaryotes (antibiotics in hospi-
tals) and to eukaryotes (agricultural pests), and the result is gener-
ally clear. Bacteria respond by LGT of preexisting resistance genes,
while eukaryotes respond by de novo point mutations and sex-
ual recombination of standing variation, at least in cases reported
so far. The present comparative example from the application of
strong selective pressure indicates that there is a fundamental dif-
ference between prokaryotes and eukaryotes with regard to their
tendency to acquire genes via LGT in response to strong (lethal)
selection. However, both prokaryotes and eukaryotes do undergo
gene loss at high rates.

As a caveat, strong selection for resistance is just one ecological
context. A literature search for the search terms “fungx” and “hor-
izontal gene transfx” or “lateral gene transfx” returns over 1000
papers on fungal LGT (though none for resistance against fungi-
cides), and we are by no means suggesting that those 1000 pa-
pers, usually founded in genome comparisons and gene phyloge-
nies, and many invoking trait selection, are in error, collectively
or otherwise. However, a recent study reexamined the strength
of phylogenetic claims for LGT among fungi and found that only
about 1.5% of trees that have been published as evidence for LGT
among ascomycetes (the group of fungi that includes yeast) with-
stand critical inspection (Aguirre-Carvajal et al. 2025). If one ac-
cepts phylogenetic evidence for LGT among eukaryotes, the lack
of abundant reports indicating eukaryotes to respond to strong
selective pressure with LGT of resistance genes, while prokary-
otes obviously do respond to selection with LGT, presents a puz-
zling observation. The ability of gene loss to generate last-one-out
topologies at surprisingly high frequencies, as we have demon-
strated here, might help to reconcile some discrepancies and con-
tribute to solving the puzzle.

Conclusion

Sparse gene distributions in eukaryotes are often interpreted as
evidence for gene acquisition via LGT from prokaryotes. However,
gene loss can generate the same patterns, but estimates for the
probability of observing a single gene at the tip of a phylogenetic
tree as the result of differential loss within a given clade, as op-
posed to LGT, have been lacking, because methods were not even
available. Here, we have derived the probability of observing such

cases, which we call last-one-out patterns, because under a loss-
only model, the last gene to be lost looks like an instance of LGT.
The probability depends on the size and shape of the tree, and the
loss rate p. We find that the probability of observing a last-one-out
topology can be (surprisingly) high.

This is not to say that there is no LGT to eukaryotes at all. But if
LGT to eukaryotes were as common as many reviews would have
us think, there have to be visible cumulative effects would have to
accrue. Thatis, if we find a “new” gene in a eukaryotic lineage, and
if we assume that LGT is going on all the time during evolution,
then eukaryotic genomes should become increasingly patchwork
over evolutionary time, which is exactly what we see in prokary-
otes: A typical bacterial or archaeal genome contains genes from
all sorts of different donors (Nagies et al. 2020), and in prokary-
otes, the accessory genome (that component of the genome that
is constantly in flux) typically comprises about 20%-30% of an av-
erage genome, and always has, ever since the first cells roamed the
ocean floor 4 billion years ago (Trost et al. 2024). In eukaryotes we
see cumulative effects for differential loss, for example in the case
of the microsporidian Encephalitozoon cuniculi (Katinka et al. 2001),
reduced parasitic fungi with a 2.9 Mb genome (smaller than Es-
cherichia coli) or nucleomorph genomes, eukaryotic genomes that
have shrunk to <700 kb in size (Gilson 2001). But in eukaryotes,
we do not see cumulative effects for LGT. How so? If eukaryotic
lineages acquired just one new gene from prokaryotes per million
years, on average, then after 1.5 billion years of eukaryote evo-
lution (Mills et al. 2022) separate eukaryotic supergroups would
each harbor roughly 1500 different prokaryotic genes each. If that
were the case, genomes would have told us so by now. But that is
not what we see. Eukaryotes have different subsets of the same
ancestral collection of genes (Miiller et al. 2012, Ku et al. 2015,
Brueckner and Martin 2020). Reviews of eukaryote LGT (Martin
2017, Keeling 2024) tend to cover case studies of single eukary-
ote genes or single eukaryote genomes, that is, an odd gene here
or an odd genome there. Comparative studies involving many eu-
karyotic lineages are still rare. Now that we have a method to es-
timate the frequency of last-one-out topologies, we can compare
the expectation for observing such “LGT-like” topologies as a result
of differential loss. The cases we tested here are fully consistent
with the expectations for differential loss, alleviating the need to
assume LGT involving curious mechanisms, such as gene transfer
via meteorites as vectors (Bergthorsson et al. 2003) as one promi-
nent study suggested.

A simple algorithm applied to simulated eukaryotic trees pro-
vides estimates for the frequency of last-one-out patterns result-
ing from a loss only model that are slightly higher than, but gener-
ally in good agreement with, observations from a recent study in
which all last-one-out topologies were interpreted as evidence for
LGT. Gene loss is a prevalent process in eukaryotic genome evolu-
tion. If one lineage can lose a given gene, others can as well. Gene
loss can, and does, generate patterns that look just like LGT. Even
for large data sets, the probability of last-one-out topologies can
be surprisingly large, because, depending upon the tree, the num-
ber of losses required to account for a last-one-out topology can
be small.
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Die Entstehung der ersten eukaryotischen Zellen vor etwa 1,5 Milliarden Jahren
(Parfrey et al. 2011, Chernikova et al. 2011, Eme et al. 2014, Betts et al. 2018,
Mahendrarajah et al. 2023) markiert den Anfang der Entwicklungsgeschichte des
komplexen Lebens. Eindeutige fossile Eukaryoten vor dieser Zeit fehlen. Dieser
Umstand erschwert eine Rekonstruktion der Einzelschritte und deren zeitlichen
Abfolge wéahrend der Eukaryogenese. Folglich ist man in der Frage nach dem
Ursprung der Eukaryoten auf Ableitung aus molekularen Daten angewiesen (Eme et
al. 2014). Einen moglichen Einblick in die frihe Entwicklungsgeschichte der
Eukaryoten bildet LECA, der letzte gemeinsame Vorfahre aller heute lebenden
Eukaryoten. LECA fungiert als wissenschaftliches Konstrukt und ist ebenfalls nicht
durch Fossilienfunde gestitzt (Eme et al. 2014). Eine Rekonstruktion von LECA
ermoglicht jedoch Ruckschlisse auf die Merkmale der ersten eukaryotischen Zellen,
sowie der Eukaryogenese zu ziehen. Infolgedessen hat sich LECA in den Fokus der
Forschung zum Thema gestellt (z.B. Margulis et al. 2006, Katz 2012, Koumandou et
al. 2013, O’Malley et al. 2019, Gabaldon 2021, Skejo et al. 2021, Bremer et al. 2022,
Bremer et al. 2023, Krupovic et al. 2023, Vosseberg et al. 2024).

In Publikation | werden urspriingliche, eukaryotische Merkmale aufgrund ihrer
Verteilung innerhalb des eukaryotischen Stammbaums auf LECA rekonstruiert. Durch
die Rekonstruktion anhand von 1789 verschiedenen, gewurzelten Gen-Baumen, mit
einem breiten Spektrum an eukaryotischen Vertretern aus sechs verschiedenen
eukaryotischen Supergruppen, wird ein neuer phylogenetischer Ansatz gewahlt, der
die Problematik der verschiedenen publizierten Wurzelpositionen im eukaryotischen
Baum umgeht (Burki et al. 2020, Cer6n-Romero et al. 2022, Al Jewari und Baldauf
2023, Eme und Tamarit 2024). Hierfur wurde zuvor die Verteilung der folgenden flnf
Merkmale in heute lebenden Eukaryoten zusammengefasst: (I) Phagozytose als
Prozess der Aufnahme von Partikeln Gber Einstllpungen der Plasmamembran (ll)
Phagotrophie als eine Erndhrungsweise, (lll) das Auftreten von Mitochondrien
beziehungsweise ihrer verwandten Zellorganellen, (IV) das Auftreten von Plastiden,
sowie (V) die Mehrkernigkeit der eukaryotischen Zelle. Die Rekonstruktion dieser

Merkmale ergibt, dass LECA im Besitz von Mitochondrien ist, keine Plastiden besitzt
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und eine Mehrkernigkeit vorliegt. Des Weiteren wird festgestellt, dass LECA weder
uber Phagozytose verfugt, noch Phagotrophie als Erndhrungsweise ausubt und beide
Merkmale mehrfach innerhalb der Eukaryoten entstanden sind. Die Existenz von
Mitochondrien in LECA, gekoppelt mit der Abwesenheit der Phagozytose, lasst zudem
darauf schlieBen, dass der Mechanismus, uber den die Mitochondrien wahrend der
Eukaryogenese in die Zelle gelangten, nicht Phagozytose war. Dadurch kdénnen
Modelle der Eukaryogenese, die einen Ursprung der Mitochondrien durch
Phagozytose beschreiben, wie etwa das PhAT-Modell (Martijn und Ettema 2013),
abgelehnt werden. Vielmehr kann der Ursprung der Mitochondrien mit einer
mikrobiellen Symbiose erklart werden (Bremer et al. 2022).

In einer weiteren Analyse wird in Publikation Il der anzestrale Zustand der
Mitose, sowie die Fahigkeit der sexuellen Fortpflanzung in LECA rekonstruiert. Dabei
wird die Mitose auf drei spezifische Auspragungen aufgeteilt: (I) die Intaktheit der
Zellkernhulle, wobei dabei zwischen offen, halb-offen und geschlossen unterschieden
wird (Raikov 1994), (ll) die intranukleare oder extranukleare Positionierung der Spindel
(Raikov 1994), sowie (lll) der symmetrischen Ausbildung der Spindel, wobei hier
zwischen einer axialen und einer bilateralen Symmetrie unterschieden wird (Raikov
1994). Anhand derselben Gen-Baume wird auch in dieser Analyse auf eine bestimmte
Wurzel des eukaryotischen Baumes verzichtet und vielmehr eine Mittelung vieler
verschiedener phylogenetischer Anordnungen der einzelnen Supergruppen, sowie
Wurzeln des eukaryotischen Baumes verwendet. Die Rekonstruktion dieser
untersuchten Merkmale zeigt, dass LECA sich sexuell fortgepflanzt hat und die in
LECA verwendete Mitose eine geschlossene Zellkernhille mit einer intranuklearen
Positionierung der Spindel, die wiederum eine axiale Symmetrie aufweisen, hatte.

Dieses Ergebnis ist kompatibel zu der bereits in Publikation | rekonstruierten
Mehrkernigkeit (Skejo et al. 2021, Bremer et al. 2022), da eine geschlossene Mitose
drei wichtige Prozesse voneinander abkoppelt: (I) Chromosomentrennung, (ll)
Chromosomenaufteilung und (lll) Zellteilung. Dies flhrt dazu, dass sich zum einen
diese drei Prozesse unabhangig voneinander entwickeln kénnen und zum anderen
kénnen schéadliche Kombinationen von Chromosomen durch andere Zellkerne
innerhalb desselben Zytosols durch mRNA ausgeglichen werden (Bremer et al. 2023).
Mutationen, die zuerst einen Selektionsnachteil schaffen, bevor durch weitere

Mutationen ein Selektionsvorteil erzeugt wird, kénnten so ermdglicht werden (Orr
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2009). Insbesondere wahrend sich schnell dndernder Umweltfaktoren ist eine
Mehrkernigkeit fir die Anpassung an stetig wechselnde Bedingungen von Vorteil. So
kann dies die Effekte der ,Muller-Ratsche” in asexuellen Eukaryoten hinauszdgern
(Muller 1964, Kondrashov 1994). Die ,Muller-Ratsche“ beschreibt die Akkumulation
von nachteiligen Mutationen in einer begrenzten Population in Abwesenheit von
Rekombination. Da sich LECA wéhrend der Eukaryogenese zwangslaufig bis zu einem
gewissen Punkt asexuell fortpflanzen musste, wird die Mehrkernigkeit hier von Vorteil
gewesen sein.

Schlussfolgernd aus den Analysen aus Publikation | und Publikation Il, sowie
weiterer Rekonstruktionen von LECA in der Literatur, ergibt sich ein immer genaueres
Bild des letzten gemeinsamen eukaryotischen Vorfahren. So wird deutlich, dass LECA
folgende Merkmale besitzt: einen Zellkern (Mans et al. 2004, Bapteste et al. 2005,
Neumann et al. 2010), ein endoplasmatisches Retikulum (Kontou et al. 2022), lineare
Chromosomen mit Zentromeren (Ishikawa und Naito 1999, van Hooff et al, 2017),
Flagellen (Carvalho-Santos et al. 2011, Lindemann 2022), ein Mikrotubuli-
organisierendes Zentrum (Yubuki und Leander 2013), einen Nukleolus (Gardner et al.
2010, Hoeppner und Poole 2012), sowie die Fahigkeit zur sexuellen Fortpflanzung
mittels Meiose (Villeneuve und Hillers 2001, Loidl 2016). Des Weiteren wurde hier
gezeigt, dass LECA zudem Mitochondrien (Bremer et al. 2022), eine Mehrkernigkeit
(Skejo et al. 2021, Bremer et al. 2022), sowie eine geschlossene Mitose mit
intranuklearen, axial angeordneten Spindeln besitzt (Bremer et al. 2023). Zudem
wurde nachgewiesen, dass keine Plastiden in LECA vorhanden sind (Bremer et al.
2022) und weder Phagozytose, noch Phagotrophie in LECA existiert (Bremer et al.
2022).

Gene, die nur in einer einzigen Klade des eukaryotischen Baumes vorkommen
und zugleich homologe Sequenzen in Prokaryoten aufweisen, werden héaufig auf
lateralen Gentransfer zurlckgefuhrt (International Human Genome Sequencing
Consortium 2001, Boothby et al. 2015, Martin 2017). Publikation Ill hingegen zeigt,
dass sich derartige Verteilungen auch mit einem Auftreten des Gens in LECA und
sukzessiver Genverluste im eukaryotischen Stammbaum erklaren lassen. Diese Gene
werden auch als ,letzte Hinterbliebene“ (engl. last-one-out) bezeichnet. Fir diese
Analyse wurde ein einfacher Algorithmus implementiert, der die Wahrscheinlichkeit

errechnet, dass in einem phylogenetischen Baum, mit einer Prasenz des Gens im
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letzten gemeinsamen Vorfahren, genau eine Spezies das Gen erhélt, wahrend es in
allen anderen Abstammungslinien friher oder spéter verloren geht. Dabei wurde die
Wahrscheinlichkeit Uber ein Spektrum an Genverlustraten gemittelt, um den
variierenden Genverlustraten fir unterschiedliche Gene, sowie in verschiedenen
Gruppen des eukaryotischen Baumes, zu entsprechen (Albalat und Canestro 2016).
Dies ist notwendig, da der Verlust bzw. Erhalt von Genen stark davon abhéangig ist,
welche Rolle diese Gene fur die jeweilige Population spielen. Ein Gen, welches fir die
Fortpflanzung innerhalb einer Population essentiell ist, wird beispielsweise weniger
hé&ufig verloren, als ein Gen, welches keinen oder nur einen sehr geringen selektiven
Vorteil verschafft.

Um die Anwendbarkeit dieses Algorithmus zu testen, wurden zehn zuféllig
ausgewahlte eukaryotische Gen-Baume mit jeweils 150 Spezies als Testdatensatz
verwendet. Diese Baume spiegeln hierbei weder die echte Phylogenie der Eukaryoten
ab, noch missen diese Baume eine Verteilung von Genen aufweisen, die auf lateralen
Gentransfer hinweisen wirden. Die Baume dienen lediglich der Veranschaulichung
von unterschiedlichen Wahrscheinlichkeiten fur ,letzte Hinterbliebene® bei
verschiedenen Baumtopologien. Unter der Annahme, dass 10000 Gene in LECA
vorhanden waren, ergibt sich ein Mittelwert von 232 fir die geringste
Wahrscheinlichkeit bis 790 fur die hochste Wahrscheinlichkeit innerhalb dieser zehn
Béume, bei denen das Gen in LECA, sowie einer einzigen Spezies des Baumes
vorhanden ist und in allen weiteren Abstammungslinien verloren wurde. Dies zeigt,
dass in diesem Testdatensatz davon ausgegangen werden muss, dass hunderte Gene
rein statistisch einen ,letzten Hinterbliebenen“ bilden und nicht das Ergebnis von
lateralem Gentransfer sind.

In einer Analyse von Cote-L’Heureux et al. (2022) wurden in 13630 Genfamilien,
welche 189 eukaryotische Genome und 540 eukaryotischen Transkriptome
beinhalteten, 306 laterale Gentransfers von Prokaryoten zu Eukaryoten festgestellt,
wobei 189 als endosymbiontische Gentransfers charakterisiert wurden, 52 LGTs in der
eukaryotische Supergruppe der Opisthokonta und 42 LGTs in anaerobe Eukaryoten
gefunden wurden. Im Vergleich zu den ermittelten Wahrscheinlichkeiten fir zufallig
gewahlte eukaryotische Baume &ahnlicher GréBe, ist die gefundene Anzahl an ,letzte
Hinterbliebene“-Topologien von Cote-L’'Heureux et al. (2022) verhaltnismaBig nah an

dem unteren Rand unserer berechneten Wahrscheinlichkeiten. Eine Erklarung dieser
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von Cote-L’Heureux et al. (2022) gefundenen Verteilung ist also ebenso mit
differentiellem Genverlust zu erklaren, anstelle von lateralem Gentransfer.

In einer weiteren Analyse wird in Publikation lll der Algorithmus an einem
Datensatz von Shen et al. (2018) angewandt. Hier wurden 365 LGTs, wovon 230
spezies-spezifisch waren, in der Abstammungslinie der Hefen gefunden. Diese 230
LGTs spiegeln somit eine ,letzte Hinterbliebene“-Topologie wider und kénnten
ebenfalls durch differentiellem Genverlust erklart werden. Der letzte gemeinsame
Vorfahre dieser Hefen soll zwischen 10000 und 13000 Genen gehabt haben. Eine
Berechnung der mittleren Wahrscheinlichkeit fir den vorliegenden Spezies-Baum
ergibt 287-373 Gene, die eine ,letzte Hinterbliebene“-Topologie ergeben und das
Ergebnis von Genverlust sind. Der Median der Wahrscheinlichkeiten liegt mit 229-298
derartiger Topologien ziemlich genau im Bereich der von Shen et al. (2018)
gefundenen LGTs. Eine Erklarung dieser Topologien ist somit auch mithilfe von
Genverlust anstelle von lateralem Gentransfer moglich.

In einer dritten Analyse wurde ein Datensatz von Ku et al. (2015) analysiert.
Hierbei wurden in der urspringlichen Analyse 101 eukaryotische ,letzte
Hinterbliebene“-Topologien gefunden. Die Anwendung des Algorithmus ergab bei
einer angenommenen anzestralen GenomgréBe von 2686 Genen eine
durchschnittliche Wahrscheinlichkeit von 260 ,letzte Hinterbliebene“-Topologien,
sowie 284 dieser Topologien bei Betrachtung des Medians. Die in dieser Analyse
héhere Anzahl zu erwartenden derartiger Topologien im Gegensatz zu den
beobachteten Topologien lasst sich dadurch erklaren, dass der Algorithmus
ausschlieBlich Genverluste betrachtet und Genduplikationen, die eine erhebliche Rolle
in der eukaryotischen Entwicklungsgeschichte spielen, zur Vereinfachung nicht in die
Berechnungen mit einbezieht.

Was entscheidend bei derartigen Beobachtungen hinzukommt, ist die 70%-
Regel (Ku und Martin 2016). Sollte lateraler Gentransfer von Prokaryoten zu
Eukaryoten mdglich sein, muss dies ein fortwédhrender Prozess sein und laterale
Gentransfers, die erst kiirzlich erfolgt sind, sollten eine hohe Ahnlichkeit zu ihren
prokaryotischen Homologen besitzen. Es wurde jedoch bewiesen, dass diese Gene
maximal 70% Ahnlichkeit zu ihren prokaryotischen Homologen besitzen und damit,
was die Sequenzunterschiede angeht, sich nicht von Genen unterscheiden lassen, die

durch das Mitochondrium aufgenommen wurden. Die hohe Wahrscheinlichkeit eben
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dieser hier vorgestellten ,letzte Hinterbliebene“-Topologien durch Genverlust, anstelle
von lateralem Gentransfer, unterstiitzen zuvor publizierte Thesen bezUglich fehlendem

lateralem Gentransfer von Prokaryoten in die eukaryotische Doméne.
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