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SUMMARY

The Earth formed around 4.5 billion years ago, with life predicted to have appeared on the
planet not long after. As we observe our world today, we can see it teeming with a wide variety
of organisms varying greatly in size, complexity, and lifestyle. Remarkably, despite such
immense diversity with the biosphere, all living things are united by a set of commonalities
that hint to a single shared ancestry of all life. That is, all cellular life on Earth as we know
it descended from a single primordial entity known as the last universal common ancestor
(LUCA). What and who LUCA was, and how life on Earth diversified into modern organisms
has long captivated scientists seeking to understand our origins.

A central approach to this profound question has focused on visualizing the known diversity of
life on the planet within a schema that provides insight into evolutionary relationships. In the
1850s, Charles Darwin had speculated that all living things were related to one another through
time, and that these connections can be organized in a tree-like network more commonly
referred to as a tree of life (TOL). Though the TOL had meager beginnings as sketches in
Darwin’s notebooks, it has since become the centerpiece of phylogenetics, or the field devoted
to studying the evolutionary history among and between organisms. Fundamentally, the TOL
is aradiating diagram assembled from branches and nodes that represent life’s evolutionary
history from our microbial ancestors to complex modern life, with LUCA sitting at the root.
Early manifestations of the TOL were constructed using visual observation of morphological
traits, however the genetic sequencing revolution of the last century has uncovered an
enormous diversity of organisms invisible to the naked eye that make up a large proportion
of the biosphere. Inclusion of these lineages, many of which remain uncultivated, within the
TOL have profoundly reshaped our understanding of life’s evolutionary course.

Centuries later, the TOL remains a valuable framework from which to study important aspects of
cellular evolution. The first molecular TOL, that is a tree inferred using the evolutionary history
of gene sequences, was presented in 1990 by Carl Woese and coworkers, who demonstrated
that all life on Earth belongs to one of three major domains of life, the Archaea, Bacteria, or
Eukaryota. Major differences between these groups include cell morphology and complexity
with Archaea and Bacteria comprising cells without a nucleus and are therefore known as
prokaryotes, while Eukaryota or eukaryotes contain a nucleus and specialized organelles.
This initial tripartite, or three-domain tree (3D tree), remained the central organization of life
within the field of phylogenetics for many decades. Recent updates on this molecular TOL
invited an alternative evolutionary scenario to the 3D tree, suggesting instead that cellular
evolution is best reflected in a two-domain tree (2D tree) arrangement where the Archaea
and Bacteria are primary domains descending from LUCA. In contrast, eukaryotes form a
secondary domain that originated through a merger of ancestral prokaryotic cells through a
process known as eukaryogenesis.



Greater accessibility to genetic information and larger datasets have necessitated improved
computational methods that can handle and accurately model the data. At the broadest level,
the work presented in this thesis contributes new tools and approaches used to construct the
TOL and leads to knowledge that improves the interpretation of evolutionary relationshipsin
light of newly discovered organisms. The chapters of this thesis address open and unresolved
questions of life’s evolutionary course from LUCA to eukaryogenesis, with a focus on the shape
of the TOL and the position of LUCA, the timing of major cellular transitions, and the metabolic
potential of key ancestors.

Critical and at times controversial debate over the structure of the TOL is ongoing to this day,
such as the disparity between the 3D and 2D tree hypotheses and more recent discussions over
the distance between the two primary domains, Archaea and Bacteria. Since the prokaryotic
lineages are the first to diverge and radiate from LUCA, it is pertinent to properly resolve their
relative positionsin the tree. Traditional phylogenetic methods that utilized a small collection
of marker genes (~50) to infer the TOL resolve a long interdomain branch between Archaea and
Bacteria, suggesting substantial evolutionary change between the two. However, a thorough
analysis of a variety of marker genes, including a greatly expanded set of metabolic genes,
suggests that the length of this branch is sensitive to the marker genes that are selected.
More specifically, genes that have complicated evolutionary histories, such as those that are
frequently exchanged between Archaea and Bacteria, artificially draw the domains closer
together. My analyses find that careful gene and sequence selection is required to overcome
phylogenetic artifacts and that the best performing marker genes for estimating the deep
relationship between Archaea and Bacteria are vertically evolving genes.

Aside from the shape of the TOL, the timing of major events in cellular evolution is poorly
resolved, namely due to the paucity of prokaryotic fossils. Microorganisms, invisible to the
naked eye, do not leave visible fossil information, therefore making it very difficult to estimate
their origins in geological time and predict their characteristics. Here we developed a method
that bypasses this challenge by including fossil information for known eukaryotes into the TOL,
and applying a novel dating approach that takes advantage of the phylogenetic signatures
of eukaryogenesis - specifically that there are branches in both the archaeal and bacterial
domains that lead to eukaryotes. Our analyses resolved LUCA at the very earliest periods
of planetary evolution on our young Earth around 4.52-4.32 billion years ago. Considering
the two primary domains diverging from LUCA, our results time the last bacterial common
ancestor (LBCA) to 4.49-4.05 billion years ago and the last archaeal common ancestor (LACA)
to 3.95-3.37 billion years ago. Retracing the branches leading to eukaryotes within the Archaea
and Bacteria, we estimate the last eukaryotic common ancestor (LECA) to have originated
1.93-1.84 billion years ago. Interestingly, the emergence of LECA in this period highlights how
prokaryotes dominated nearly half of planetary history before eukaryotes appeared. Our
timeline estimated the ancestor of all Bacteria to be only slightly younger than LUCA. In a
separate study included here, we examined the evolutionary histories of all the genes in the
genome of a collection of Bacteria to determine the position of the root in the bacterial tree
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and predict the gene repertoire of LBCA based on gene presence probabilities. This analysis
revealed that LBCA was an already complex organism with a cell membrane, the ability to
sense and move in the environment, carbohydrate metabolism, and viral defense mechanisms.
Taken together, these data suggest that the earliest periods of planetary evolution following
the formation of the Earth were periods of substantial genetic innovation, and hint to an
already complex environment in which cellular life was evolving.

The complementary nature of these studies highlights how a reliably resolved TOL can provide
a foundation for asking crucial questions about different periods in cellular history and the
characteristics of major ancestors at turning points along the evolutionary trajectory. The
need for new and advanced tools also ushers in an era of deep investigation into the role of
viruses in cellular evolution and how they are compatible within the framework of the TOL.
In all, this work provides a greater understanding of past evolutionary processes and new
tools that can be applied to address evolutionary inquiries into societally relevant organisms
important to human health, global climate change, and food production.



Samenvatting

SAMENVATTING

De aarde werd ongeveer 4,5 miljard jaar geleden gevormd en niet lang daarna zal het eerste
leven op de planeet zijn verschenen. Als we vandaag de dag onze wereld observeren, zien we
dat deze krioelt van een grote verscheidenheid aan organismen, sterk variérend in grootte,
complexiteit en levensstijl. Opmerkelijk genoeg zijn alle levende wezens, ondanks deze
immense diversiteit in de biosfeer, verenigd door een aantal gemeenschappelijke kenmerken
die wijzen op één gedeelde oorsprong van al dat leven. Dat wil zeggen, al het cellulaire leven
op aarde zoals wij dat kennen stamt af van één enkele primordiale entiteit die bekend staat
als de laatste universele gemeenschappelijke voorouder (LUCA). Wat en wie LUCA was, en hoe
het leven op aarde zich heeft gediversifieerd tot moderne organismen, houdt wetenschappers
die onze oorsprong willen begrijpen al heel lang bezig.

Een centrale benadering van deze diepgaande vraag heeft zich gericht op het visualiseren
van de bekende diversiteit van het leven op aarde binnen een schema dat inzicht geeft in
evolutionaire relaties. Rond het jaar 1850 speculeerde Charles Darwin dat alle levende wezens
door de tijd heen aan elkaar gerelateerd waren en dat deze verbanden georganiseerd konden
worden in een boomachtig netwerk dat meestal een levensboom (Tree of Life, ofwel TOL) wordt
genoemd. Hoewel de TOL een bescheiden begin had als schetsen in Darwins notitieboeken, is
het sindsdien het middelpunt geworden van de fylogenetica: het vakgebied dat zich bezighoudt
met het bestuderen van de evolutionaire geschiedenis tussen organismen. In wezen is de TOL
een diagram dat is opgebouwd uit takken en knooppunten die de evolutionaire geschiedenis
van het leven weergeven, van onze microbiéle voorouders tot het complexe moderne leven,
met LUCA aan de basis. Vroege verschijningsvormen van de TOL werden geconstrueerd aan
de hand van visuele observaties van morfologische kenmerken, maar de revolutie van de
afgelopen eeuw op het gebied van genetic sequencing heeft een enorme diversiteit aan
voor het blote oog onzichtbare organismen blootgelegd die een groot deel van de biosfeer
uitmaken. De opname van deze lijnen, waarvan er veel nog niet volledig ontwikkeld zijn, in
de TOL heeft ons begrip van het evolutionaire verloop van het leven ingrijpend veranderd.

Eeuwen lateris de TOL nog steeds een waardevol kader voor het bestuderen van belangrijke
aspecten van celevolutie. De eerste moleculaire TOL, dat wil zeggen een boom die wordt
afgeleid uit de evolutionaire geschiedenis van gensequenties, werd in 1990 gepresenteerd
door Carl Woese en zijn collega’s. Zij toonden aan dat al het leven op aarde behoort tot een
van de drie grote levensdomeinen, de Archaea, Bacteria en Eukaryota. Belangrijke verschillen
tussen deze groepen zijn de celmorfologie en -complexiteit, waarbij Archaea en Bacteria
cellen zonder kern hebben en daarom bekend staan als prokaryoten, terwijl Eukaryota of
eukaryoten een kern en gespecialiseerde organellen bevatten. Deze aanvankelijke driedeling,
of drie-domeinen-boom (3D-boom), bleef vele decennia lang de centrale organisatie van het
leven binnen de fylogenetica. Recente updates van deze moleculaire TOL resulteerden in een
alternatief evolutiescenario voor de 3D-boom, waarbij in plaats daarvan wordt gesuggereerd
dat de cellulaire evolutie het best tot uiting komt in een tweedomeinenboom (2D-boom),



waarbij de Archaea en Bacteria primaire domeinen zijn die afstammen van LUCA. Eukaryoten
vormen daarentegen een secundair domein dat is ontstaan door een fusie van voorouderlijke
prokaryote cellen via een proces dat eukaryogenese wordt genoemd.

Grotere toegankelijkheid tot genetische informatie en grotere datasets zorgen ervoor dat
verbeterde computationele methoden nodig zijn die de gegevens kunnen verwerken en
nauwkeurig kunnen modelleren. Over het geheel gezien draagt het werk dat in dit proefschrift
wordt gepresenteerd bij aan nieuwe tools en benaderingen die worden gebruikt om de TOL te
construeren en leidt het tot kennis die de interpretatie van evolutionaire relaties verbetert in
het licht van nieuw ontdekte organismen. De hoofdstukken van dit proefschrift behandelen
open en onopgeloste vraagstukken over het evolutionaire verloop van het leven van LUCA tot
eukaryogenese, met de nadruk op de opbouw van de TOL en de positie van LUCA daarin, de
timing van belangrijke cellulaire overgangen en het metabolisch potentieel van belangrijke
voorouders.

Kritische en soms controversiéle discussies over de structuur van de TOL duren tot op de dag
van vandaag voort, zoals het verschil tussen de 3D- en 2D-boomhypothesen en meer recente
discussies over de afstand tussen de twee primaire domeinen, Archaea en Bacteria. Aangezien
de prokaryotische lijnen als eerste zich afsplitsten en voortkwamen uit LUCA, is het relevant om
hun relatieve posities in de boom goed vast te stellen. Traditionele fylogenetische methoden
die een kleine verzameling markergenen (~50) gebruikten om de TOL af te leiden, kwamen uit
op een lange tak tussen de domeinen Archaea en Bacteria, wat een aanzienlijke evolutionaire
verandering tussen beide suggereert. Een grondige analyse van een verscheidenheid aan
markergenen, waaronder een sterk uitgebreide set metabole genen, suggereert echter dat de
lengte van deze tak gevoelig is voor de markergenen die worden geselecteerd. Genen met een
gecompliceerde evolutionaire geschiedenis, zoals genen die vaak uitgewisseld worden tussen
Archaea en Bacteria, trekken de domeinen kunstmatig dichter naar elkaar toe. Mijn analyses
laten zien dat zorgvuldige gen- en sequentieselectie nodig is om fylogenetische artefacten
te vermijden en dat de best presterende markergenen voor het schatten van de diepe relatie
tussen Archaea en Bacteria verticaal evoluerende genen zijn.

Afgezien van de opbouw van de TOL is de timing van belangrijke gebeurtenissen in de
celevolutie slecht vastgesteld, met name vanwege de schaarste aan prokaryotische fossielen.
Micro-organismen, onzichtbaar voor het blote oog, laten geen zichtbare fossiele informatie
achter, waardoor het erg moeilijk is om hun oorsprong in de geologische tijdlijn in te schatten
en hun eigenschappen te voorspellen. We hebben hier een methode ontwikkeld die deze
uitdaging omzeilt door fossiele informatie over bekende eukaryoten op te nemen in de TOL
en een nieuwe dateringsmethode toe te passen die gebruik maakt van de fylogenetische
kenmerken van eukaryogenese - in het bijzonder dat er vertakkingen zijn in zowel het archeale
als het bacteriéle domein die leiden tot eukaryoten. Onze analyses plaatsen LUCA in de
allervroegste perioden van planetaire evolutie op onze jonge Aarde, zo’'n 4,52-4,32 miljard
jaar geleden. Ervan uitgaande dat de twee primaire domeinen uit LUCA voortkwamen, zien we
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dat de laatste gemeenschappelijke voorouder van bacterién (LBCA) ongeveer 4,49-4,05 miljard
jaar geleden leefde en dat de laatste gemeenschappelijke voorouder van archaea (LACA)
ongeveer 3,95-3,37 miljard jaar geleden leefde. Als we de takken die leiden tot eukaryoten
binnen de Archaea en Bacteria opnieuw volgen, schatten we dat de laatste eukaryotische
gemeenschappelijke voorouder (LECA) 1,93-1,84 miljard jaar geleden is ontstaan. Interessant
genoeg laat het ontstaan van LECA in deze periode zien hoe prokaryoten bijna de helft van de
planetaire geschiedenis domineerden voordat eukaryoten verschenen. Onze tijdlijn schatte
de voorouder van alle Bacteria slechts iets jonger in dan LUCA. In een apart onderzoek, dat
hier is opgenomen, onderzochten we de evolutionaire geschiedenis van alle genen in het
genoom van een verzameling Bacteria om de positie van de wortel van de bacteriéle boom
vast te stellen en het genrepertoire van LBCA te bepalen op basis van de waarschijnlijkheid
van genaanwezigheid. Uit deze analyse bleek dat LBCA zelf al een complex organisme
was met een celmembraan, het vermogen om te voelen en te bewegen in de omgeving,
koolhydraatmetabolisme en virale verdedigingsmechanismen. Alles bij elkaar suggereren
deze gegevens dat de vroegste perioden van planetaire evolutie na de vorming van de aarde
perioden waren van substantiéle genetische innovatie en wijzen op een reeds complexe
omgeving waarin cellulair leven evolueerde.

Het complementaire karakter van deze studies laat zien hoe een betrouwbaar uitgewerkte
TOL een basis kan bieden voor het stellen van cruciale vragen over verschillende perioden in
de cellulaire geschiedenis en de kenmerken van belangrijke voorouders op cruciale momenten
in het evolutionaire traject. De behoefte aan nieuwe en geavanceerde tools luidt ook een
tijdperk in van diepgaand onderzoek naar de rol van virussen in de celevolutie en hoe deze
verenigbaar zijn binnen het kader van de TOL. Al met al biedt dit werk een beter begrip van
evolutionaire processen in het verleden en nieuwe hulpmiddelen die kunnen worden toegepast
bij evolutionair onderzoek naar maatschappelijk relevante organismen die belangrijk zijn voor
de menselijke gezondheid, wereldwijde klimaatverandering en voedselproductie.
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Chapter 1

The diversity of life is immense, with organisms colonizing even some of the most extreme
habitats on Earth, however it is clear that all life shares common ancestry. Describing,
categorizing, and visualizing the relatedness of the biosphere has been a centuries-
long endeavor. As one can imagine, our view of life’s history has evolved in tandem with
advancements in environmental sampling, genome sequencing, and cultivation techniques,
among others. Yet, major challenges remain when investigating ancient relationships,
including the lack of physical and molecular evidence from the earliest periods of the planet.
Universally, all organisms contain some type of genetic information storage molecule (DNA
or RNA) that is accessed, encoded, and translated by protein machines to carry out all the
necessary functions of the cell. Changes in these genetic components are relics of the distant
past and can be used as a window into the earliest periods of biological evolution. In this
thesis, | address some of the most enigmatic unanswered questions surrounding the history
of cellular life, including the position of deepest split in the evolutionary tree, the timing of
cellular evolution, the characteristics of major ancestors, and the metabolic transitions that
diversified life as we know it, all through the lens of protein evolution. To fully appreciate this
complicated story, | will first outline the origin of life on Earth.

THE ORIGIN OF LIFE

ABIOGENESIS, FROM CHEMICALS TO THE FIRST CELLS

The origin of cellular life is often regarded as one of the most captivating questions in science.
Life’s origin story can be summarized as a prebiotic to biotic transition involving multiple steps
and intermediates ultimately leading to the first forms of cellular life. Cellular life is defined by
its shared commonalities, including organized self-sustaining biochemical systems, proteins,
and genetic material, all of which are contained within a semipermeable, energized membrane
barrier. Self-replication of the genome as well as the cell’s structural components are key
features of cellular life. The foundational question in life’s evolution is how life originated and
led to the emergence of the first cells under prebiotic planetary conditions. The transition from
precellular chemical entities in the primordial young Earth to bona fide cellular life, including
the gradient of evolutionary intermediates, is intimately linked to early geochemistry.

Life’s origin story begins around 4.5 Ga during the Hadean eon, a volatile period characterized
by rampant volcanism and geochemical cycling inside and on the surface of the Earth.
Importantly, abiotic processes in the atmosphere, ocean, and crusts were churning out some
of the very basic chemical building blocks required for life, including amino acids, nucleic
acids, proteins, metal cofactors, and small hydrocarbons. This was the foundation for the
“prebiotic soup” hypothesis, which describes abiogenesis as having occurred in an aqueous
environment, such as the primitive oceans or shallow pools, rich in the chemical precursors for
life (1). Key to this theory was that UV irradiation from the atmosphere would have provided the
necessary energy to catalyze the formation of more complex organic molecules that formed
life. In 1952, the groundbreaking Miller-Urey experiment provided support for this theory,
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showcasing the abiotic synthesis of amino acids and other simple macromolecules from water
vapor and chemicals exposed to electrical discharges inside an enclosed system mimicking
the conditions of the Archaean environment (2). Early hypotheses localized these events in
the warm surface of the Archaean oceans or shallow pools atop newly formed continental
crusts, but major issues remained related to the concentration of chemical precursors and the
ability of lipids to self-assemble into the required compartment in such large and unconfined
aqueous solutions. Similarly, UV radiation would have posed a serious challenge to biological
molecules and life due to its destructive properties.

The discovery of hydrothermal vents in the late 1970s (3, 4) provided a satisfying solution to
these unanswered questions. The first hydrothermal vent systems discovered were found at
spreading zones or active volcanoes on the ocean floor, where magma reacts with cool seawater
creating a superhot acidic environment, rich in dissolved gasses, small hydrocarbons, sulfides,
and metals - a seemingly ideal prebiotic milieu. Despite being shielded from UV radiation
and having widespread chemical diversity, super high temperatures at the vents are believed
to be biologically limiting and there was no obvious scenario for compartmentalization.
The Lost City hydrothermal vent field was discovered in 2000 in close proximity to the Mid-
Atlantic Ridge (5), shedding light into alkaline vents and providing a plausible alternative
scenario for abiogenesis (6). Unlike their volcanic counterparts, alkaline vent systems have
a higher pH and are not associated with volcanic activity resulting in both lower acidity and
temperatures, respectively. The geochemical foundation of alkaline vents is linked to its
mineral composition, in the case of Lost City, serpentinization of mafic and ultramafic rock
abiotically produces key biological precursors such as hydrogen (H,), carbon dioxide (CO,),
methane (CH,), and ammonia, among others (5, 7, 8). The surface of the calcium carbonate
towers at alkaline vents are impregnated with a multitude of tiny interconnected pores through
which molecule-rich hydrothermal effluent circulates, providing an ideal nucleation site for
encapsulation via the formation of a rudimentary lipid barrier (9). The microenvironments
that form at the site of these pores may have preceded full cellular compartmentalization by
concentrating the necessary chemical precursors together in a confined space. Additionally,
abundant H, (effluent) and CO, (seawater) pools at these vent sites provided adequate energy
and chemical conditions for redox-based proto-metabolisms. The narrow mineral channels
in the alkaline vents would have enabled the concentration of various chemicals, proteins
(10), and nucleic acid precursors (Fig. 1) (11). Abiotically synthesized lipids (12), could have
assembled along gaps in the inorganic scaffolds at the pores, concentrating these molecular
building blocks into small microcapsules. In time, complete replacement of the scaffold with
a lipid bilayer would form a rudimentary membrane preceding the eventual formation of a
fully encapsulated vesicle (Fig. 1). Acquiring the energy necessary to “escape” the vent pores
and access arenewable energy source was another key transition in the origination of cellular
life. The H,/CO, interface in the vent fluids could have provided adequate redox conditions for
proto-metabolism akin to the acetyl-CoA cycle (hereafter Wood-Ljungdahl pathway, WLP) (13,
14). The high-energy thioester bond of acetyl-CoA has been proposed to be an early energy
currency given such chemical conditions (15). Furthermore, producing acetyl-CoA fromits H,/
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CO, precursors requires no exogenous energy input, and therefore would be a favorable proto-
metabolism in the energy-poor primordial pre-cellular system (16). To be fully autonomous,
the pre-cellular to cellular transition also required access to a self-renewing energy source
in order to power biosynthetic pathways. To this end, the primordial membrane barriers in
the vents could have exemplified some of the earliest instances of chemiosmosis, where
ions flow “down” their chemical gradient across the membrane and release potential energy
which can be harnessed to sustain other biochemical processes (17). In the pre-cell this may
have resembled a proton motive force due to differential pH developed across the primordial
membrane. In extant organisms, this proton motive force is instrumental in producing energy
in the form of ATP (adenosine triphosphate) via the ATP synthase to support a litany of cellular
processes (18).

Under such conditions, the pre-cellular to cellular transition could be envisaged as occurring in
the small pores, where rudimentary lipid membranes enclosed a concentrated chemical milieu
containing all the elements necessary for early biochemical processes. Eventually “escaping”
the vent pore, this protocell, although less complex than extant cellular life, represented the
earliest bona fide cellular organism at the basis of the diversity of cellular life present in our
biosphere (19) (Fig. 1).
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Fig. 1| Simplified overview of abiogenesis at alkaline vents. Geochemical processes deep within
submarine alkaline vent systems are the foundation of this proposed scenario of abiogenesis. In stepwise
progression, vent geochemistry gave rise to an active and rich prebiotic chemical environment where small
molecular precursors could form from abiotic processes, eventually giving rise to the first protocell or
consortium of protocells. The FUCA (first universal common ancestor) pool may have given rise to multiple
diversified cellular lineages, which may have gone extinct. Asingle lineage descending into LUCA (the last
universal common ancestor) would be the root of the hypothetical tree of life (TOL), from which the major
domains, Archaea and Bacteria diverged and radiated. Eventually, multiple endosymbiotic events between
branches of the archaeal and bacterial trees would give rise to the eukaryotes. Ancient extinct cellular
lineages are represented in light gray. The archaeal ancestor of eukaryotes is highlighted in purple, the
alphaproteobacterial ancestor of the mitochondria is highlighted in red, the cyanobacterial ancestor of the
plastid is highlighted in green, and the last universal eukaryotic ancestor (LECA) is highlighted in yellow.
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THE LAST UNIVERSAL COMMON ANCESTOR OF ALL EXTANT CELLULAR
LIFE ON EARTH

When discussing the stages of life’s origins, it is important to highlight a few key concepts.
The first cells that emerged at the vents are sometimes loosely referred to as protocells (Fig.
1), a spontaneous self-assembled compartment hypothesized to have had rudimentary
RNA (ribonucleic acid) translation processes (19-22). Another key stage is the first universal
common ancestor (FUCA), which represents the first ancestor of all modern life and any
extinct lineages (22) (Fig. 1). It is possible that the prebiotic-to-probiotic transition was not
a singularity in Earth’s history, and cellular life may have been derived but gone extinct on
multiple occasions. Presumably, many lineages could have diverged from FUCA without
leaving any trace (Fig. 1). However diverse the post-FUCA biosphere may have been, genetic
and morphologic commonalities between all extant life show descent from a single ancestral
lineage with the entity at its root known as the last universal common ancestor (LUCA) (Fig. 1).
LUCAs a hypothetical evolutionary intermediate, representing either a single cellular ancestor
or a consortium of ancestors, that bridges primordial cellular life to extant life as we know it.

Different hypotheses have been proposed in the past several decades to describe the nature
of LUCA (23-34). Carl Woese and George Fox described the hypothetical progenote, which held
the same role as LUCA in their interpretation, as cells with pre-prokaryotic (i.e., single-celled
microbes) organization (21, 23). More recent work has suggested that LUCA metabolically and
morphologically resembled members of the prokaryotic lineages (32, 34), in agreement with
earlier proposals (27-29, 31). It would have had a semipermeable membrane serving as both
a physical barrier between the genome, proteins, cofactors, and internal biochemistry from
the environment, and an energy mediator for chemiosmotic coupling. While ribosomes are
confidently traced back to LUCA, the nature of the genomic material has been debated. Earlier
evolutionary stages, such as the pre- and protocells, may have propagated from RNA-based
genetic systems (20, 22), and the possibility of an RNA-based LUCA has also been suggested
(35-37). However, the presence of DNA (deoxyribonucleic acid) binding proteins on LUCA’s
reconstructed genome and the universality of DNA as the primary genetic storage material
for extant life, supports a DNA-based genome in LUCA (32, 34).

As is required for all cellular life, LUCA would have been an autonomous self-replicating cell,
equipped with a self-sustaining but simple metabolism. It is generally accepted that LUCA was
an anaerobe that evolved in a light-poor environment (similar to a hydrothermal vent system),
however debate over LUCA’s metabolism vacillates between whether the earliest cellular life
was autotrophic, heterotrophic, or mixotrophic. Early in the 20th century, Alexander Oparin
followed by John Haldane proposed a heterotrophic primordial metabolism based on the
consumption of small organic molecules that were formed in the early Earth environment
through abiotic processes, the latter of which was the basis for the primordial soup hypothesis
(1, 38, 39). The Oparin-Haldane proposal argued that fermentative metabolisms would have
likely preceded autotrophic processes due to their relative simplicity and ubiquity across
extant life (40-42). Although this proposal is compatible with a low-energy young Earth

20



Introduction

ecosystem, where primitive less-complex metabolic pathways existed, it is unclear how these
cells would have had access to biochemical precursors. The situation is further complicated
when trying to reconcile whether autotrophs would be a required pretext for fermentation
based heterotrophs (43). Alternative scenarios postulated that the early metabolism of LUCA
was autotrophic, based on the conversion of CO_, which was rich in the early Earth atmosphere
and oceans, into organic matter (13, 32, 44-47). Iron-sulfur catalysts ubiquitous in the early
ocean (see above) would have mediated steps in primitive carbon-fixing pathways. Recent
analyses trend toward the self-sufficient nature of autotrophic metabolisms, with findings
that LUCA was likely an H_-dependent ancestor involved in the nitrogen cycle, and capable of
carbon-fixation via the WLP (13, 32, 34, 46). The WLP, an anaerobic carbon-fixation pathway, is
frequently implicated as the earliest metabolism due to access to the chemical precursors in
the prebiotic environment, and the low energetic threshold (see above). A phylogenetic analysis
highlighted the antiquity of the key enzyme of the WLP, the carbon monoxide dehydrogenase
acetyl coenzyme A synthase (CODH/ACS), resolving at least four of its primary subunits to LUCA
(48). However, the authors caution against using the CODH/ACS as a singular marker for LUCA’s
metabolism as the directionality of the ancestral enzymatic complex is difficult to ascertain
from limited data and hold that its presence is compatible with an autotrophic, heterotrophic,
or mixotrophic ancestor. Weiss and coworkers, suggest that the resolution of the CODH/ACS in
addition to other autotrophic enzymatic complexes, confidently supports the autotrophy of
LUCA (32, 34). Additional analyses sampling a larger proportion of the biosphere are necessary
to further test these hypotheses.

LIFE'S EVOLUTIONARY HISTORY AND THE TREE OF LIFE

HISTORY

Visualizing life’s shared ancestry from LUCA to the current biosphere has long captivated
scientists. Systematists built early biological categorization systems primarily from physically
observable traits of organisms until the advent of molecular analysis. Swedish botanist Carl
Linnaeus formulated Systema Naturae in the 18th century (49), which classified all plants and
animals into groups based on shared characteristics. Going further, he developed a system of
ranked hierarchies based on shared morphological and ecological features. Linnaeus’ hierarchy
provided a foundation for modern taxonomy, a system of classification and categorization
of biological organisms. Linnaeus’ biological classification system was best represented as a
bifurcating tree with the two major branches leading to the plants and animals, respectively.
Despite being discovered nearly a century prior (50), microorganisms were given very little
consideration in this early system as their nature was poorly understood.

In 1859 Charles Darwin published On the Origin of Species (51), detailing his theory of evolution
which is often regarded as the foundation of evolutionary thought. Darwinian evolution
describes life’s progressive diversification as a consequence of natural selection, where
competition and environmental pressure would select for members with certain adaptive
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traits (51). These changes would not be abrupt or visible in human lifetimes, but instead would
result from small cumulative changes over millions or billions of years, a controversial concept
at the time. Darwin’s groundbreaking “tree of life” visualized biological relatedness in the
context of temporal descent, where organisms superseded each other through time based
on the principles of Darwinian evolution (51). While tree-like diagrams had long been used
to demonstrate the interconnectedness of life and the relatedness of individuals (i.e., family
trees), Darwin’s version attempted to illustrate how this relatedness is modeled through the
dimension of time.

The trees depicted in Darwin’s journals are regarded as the earliest representations of what
is known as a “tree of life” (51). At its core, the “tree of life” (hereafter, TOL) is a hypothetical
representation of the evolutionary relationships between extant and known extinct organisms
and their ancestors. The centerpiece of evolutionary thought, the TOL follows a branching
pattern composed of a number of bifurcations from a parent node to descending branches.
This branching tree is defined by its “tips” or “leaves” representing extant life, which sit at the
end of branches tracing back to a series of bifurcating “nodes” until they reach a centralized
“root” of the entire diagram (Fig. 2). The “crown group” is the collection of any ancestor and
all of its descendants, while the “stem group” represents the extinct relatives of a given crown
group (52). The root of the entire tree indicates the shared common ancestor of all organisms
depicted in the tree (Fig. 2). In the case of all life, this root would represent LUCA (Fig. 3).

Until this point, the TOL manifested as some combination of plants and animals, as those were
the most straightforward to observe and categorize based on related organs or characteristics.
Nearly a century later, when microscopic observation became more prevalent, and the
characterization of microbial life improved, the protista was added as a third kingdom in the
initial TOL. A key finding of cytological surveys of microbes revealed a much larger division
between organisms. Researchers noted that some cells had membrane bound organelles in
the cellular space, most notably being the nuclear membrane that separated the genome
from the rest of the intercellular space (53). Others lacked this cellular structure and internal
compartments. As such, groups with nuclear compartments were classified broadly as
eukaryotes (true nucleus) while all others were termed prokaryotes (before nucleus) (53). The
prokaryote-eukaryote dichotomy redefined views of the TOL by grouping plants and animals
into a much larger group (eukaryotes) which were distinct from single-celled prokaryotes.
It wasn’t until the late 20th century with the advent of DNA sequencing that more robust
groupings appeared and a more accurate view of the TOL emerged (54, 55).
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Fig. 2 | The structure of a phylogenetic tree. The main structural components that comprise a
phylogenetic tree diagram. Monophyletic groups include an ancestor and all of its descendants (light
green). Paraphyletic groups include an ancestor and some, but not all, of the descendants of that
ancestor (dark green). The root represents the most recent common ancestor of all entities included in
the tree. Nodes are branching points in the phylogenetic tree. Tips/leaves representindividuals, species,
populations, or genes.

THE EXPANDING TREE OF LIFE

In the late 1970s, Carl Woese and George E. Fox discovered the Archaea through analyzing
the small subunit of the ribosomal RNA (rRNA) (54). Despite being indistinguishable under
the microscope, they found that prokaryotes were genetically distinct, falling into two major
groups, then defined as the Eubacteria (hereafter, Bacteria) and Archaebacteria (hereafter,
Archaea). These molecular analyses also suggested that Archaea and Eucarya (hereafter,
Eukaryota or eukaryotes) shared a more recent common ancestor with each other than with
Bacteria, which was a defining feature of the iconic tripartite TOL published in 1990 (55). Based
on their molecular analysis of rRNA genes, Woese and coworkers proposed that all life fell into
one of the three major domains: Archaea, Bacteria, or Eukaryota (55). Technically, the tripartite
tree, or three-domains tree (hereafter, 3D tree) (Fig. 3A), is built off the work of Naoyuki lwabe
and coworkers, where pairs of paralogous anciently-duplicated genes, such as the catalytic
subunits of the ATP synthase and elongation factors Tu and G, were used to root the TOL (56).
Their findings indicated a root of the TOL at the deepest split between the branch leading to
Bacteria and the branch leading to the sister clades, Archaea and Eukaryota (Fig. 3A). This
tree also reflected the evolutionary relevance of their previous findings that Archaea shared
similarities with eukaryotes to the exclusion of Bacteria (54). In the 3D tree, the Archaea are
a sister-group to eukaryotes, suggesting a shared common ancestor at their last ancestral
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node. The nature of this important evolutionary split came into question years later when
evidence outlined a different scenario to explain the origin of eukaryotes, i.e. the placement
of the eukaryotic branch within the Archaea (57-60).

At the time, the discovery of the Archaea and resolution of the 3D tree was groundbreaking
and it became the center of evolutionary thought and debate for decades to follow (61). When
looking at the 3D tree, there are some key features to highlight in order to understand the
evolutionary relationship between LUCA and its descendants. From LUCA, one branch leads
to the Bacteria while the other leads to the Archaea and Eukaryota (Fig. 3A). All crown-group
bacteria radiate from a node representing the last bacterial common ancestor (hereafter,
LBCA), all crown-group archaea radiate from a node representing the last archaeal common
ancestor (LACA), and all crown-group eukaryotes radiate from a node representing the last
eukaryotic common ancestor (LECA) (Fig. 3).

Advances in environmental sampling including metagenomic and single-cell genomic
approaches (62-65) enabled a renewed look at the TOL (66), revealing the immense diversity
of prokaryotic life resulting from sequencing analyses. This updated tree also resolved two
large prokaryotic radiations on either side of the root, the Candidate Phyla Radiation (CPR)
(67) in Bacteria and the so-called DPANN (named after the first described members: the
Diapherotrites, Parv-, Aenigm-, Nano-, and Nanohaloarchaeota) (68, 69) in Archaea. Both the
CPR and DPANN are primarily represented by putative symbionts with reduced genome sizes
and typically lack or have incomplete biosynthetic pathways considered to be essential (70,
71). Cultivation of members of either group has been difficult, but a few co-cultures have been
studied and they typically involve a member of the CPR or DPANN with a more metabolically
complete host (72-77), indicating symbiotic lifestyles might help supply key biomolecules.

Both the CPR and DPANN were phylogenetically resolved as monophyletic groups basal to
their respective domains, which has initially raised questions as to whether early cellular life
was less complex (71). However, these initial findings are being challenged by more recent
phylogenetic analyses that include larger taxon selections and more in-depth phylogenetic
analyses (78, 79). Specifically, their proposed symbiotic nature and small genomes have been
hypothesized to make them susceptible to phylogenetic artifacts (80-83), as is commonly
observed in other obligate symbionts and parasites (84). Highly reduced genomes often have
compositional biases and higher rates of evolution that can lead to long branch attraction
(LBA) artifacts, in which long-branching lineages are falsely grouping together (85). Additional
phylogenetic analyses with sophisticated evolutionary modeling are necessary to adequately
position highly reduced symbionts in the TOL.
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Fig. 3 | The three-domains and two-domains schematics of the tree of life. (A) A simplified diagram
of the three-domains tree (3D tree) proposed by Carl Woese and coworkers (55). The 3D tree depicts the
three domains, Archaea, Bacteria, and Eukaryota, as monophyletic groups. The deepest bifurcation
in this tree is at LUCA, with one branch leading to the last bacterial common ancestor (LBCA) and the
other branch leading to the shared ancestor of the Archaea and Eukaryota. Eukaryogenesis scenarios
could involve genetic transfer from the prokaryotic domains. (B) The two-domain hypothesis (2D tree)
proposed in recent years, indicates the same root position at LUCA, however one branch leads to LBCA
and the other leads to the last universal archaeal ancestor (LACA), making Bacteria and Archaea primary
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domains of life. Later endosymbiotic events involving an ancestral archaeal host with one or two bacterial
partners would have given rise to the protoeukaryote and subsequent diversification of the Eukaryota
as a secondary domain to the Archaea and Bacteria.

HOW THE ORIGIN OF EUKARYOTES RESHAPES THE TREE OF LIFE

EUKARYOGENESIS

A defining moment in cellular evolution was the origin of the eukaryotic cell, through a
transitional phase termed eukaryogenesis. Much of what we know about the visible fossil
record suggests that fully fledged eukaryotes did not appear until after the first 2 billion
years of Earth’s formation. While the consensus is out over the timing of the eukaryotic cell’s
genesis, it has been estimated to have occurred around 2.0 Ga (86-88). The leap from “simpler”
prokaryotic cells to the complexity observed in eukaryotic cells confounded the field. How
did a cell with such complex structural features evolve? Are they highly derived prokaryotes
or something else? Molecular and cytological analyses complicated this story even further,
unearthing several conflicting scenarios of eukaryogenesis that are still debated and require
further testing (89).

A compartmentalized nucleus is typically the central defining characteristic of eukaryotes,
differentiating them from prokaryotes. Beyond that, eukaryotes are often larger in size and
contain a myriad of cellular structures including membrane bound organelles, vesicles, and
a skeletal scaffolding. These regions play an important role in the compartmentalization of
cellular functions including DNA replication, protein synthesis, cell division, and metabolism.
Interestingly, early cytological studies revealed remarkable similarity between certain
eukaryotic organelles and free-living prokaryotes (90-92). In the mid-19th century, scientists
noticed that the chloroplasts of plant cells bore an uncanny resemblance to free-living
cyanobacteria (90, 91). Decades later, the unique morphology of the mitochondria raised
the question of its possible prokaryotic origins (92). It wasn’t until the mid-20th century with
advances in microscopy and gene sequencing, that this picture came into full focus. The
monumental discovery that chloroplasts and mitochondria had their own native genomes
distinct from the eukaryotic nucleus was central to understanding their origins. These new
findings shaped Lynn Margulis’s controversial theory of endosymbiosis, detailing how the
emergence of the eukaryotic cell was defined by, in-part, symbiotic interactions of members
from different evolutionary lineages, specifically the prokaryotes (93). Under the assumptions
of this proposal, eukaryotic organelles, such as the chloroplast and the mitochondria
descended from free-living prokaryotes, most likely bacteria, which were engulfed by a proto-
or bona fide eukaryotic cell. While there was some evidence of horizontal gene transfer in
bacteria, the acquisition of an entire cell was a monumental proposal at odds with the idea
that life elegantly evolved through vertical descent. Under such a scenario, it would appear
that on two occasions (mitochondria and plastid), branches from the Bacteria would have
merged with the eukaryotic branch. However, more recent molecular analyses investigating
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the placement of the eukaryotic branch in the TOL favor a scenario describing the emergence
of the eukaryotic cell from an archaeal host (94-96).

THE ANCESTRAL ARCHAEAL HOST AND THE 2D TREE

Increased sampling of archaeal genomic diversity enabled by advances in genome sequencing
and the development of more complex phylogenetic approaches culminated in a hypothesis
that life’s history is better explained by a two-domains tree (hereafter, 2D tree) (57, 96-104).
In the 2D tree, the bifurcation from the root node leads to two primary domains, the Archaea
and Bacteria (Fig. 3B). Contributions from both primary domains, under the premise that
eukaryogenesis involved an archaeal host and one or more bacterial partners, led to the
suggestion that eukaryotes are best described as a “secondary” domain (102) (Fig. 3B). New
evidence supporting the 2D tree was established with the discovery of the Asgard archaea (also
known at the Asgardarchaeota (105)) through metagenomic approaches (94, 95). Members
of the Asgardarchaeota phylogenetically placed as the closest relative to eukaryotes, with
eukaryotes emerging as a sister-group to a subclade of the Asgard archaea (94, 95, 106, 107).
The first discovered Asgard lineage was the Lokiarchaeota, named after the Loki’s Castle
hydrothermal vent field from which the originating samples were derived (94). Several other
member clades, also named after other mythic deities, were identified in diverse environments
(95, 106, 108, 109). Comparative genomic analyses revealed that many members of the
Asgardarchaeota contain features previously believed to be unique to eukaryotes and absent
in prokaryotes (94, 95, 110, 111). Homologs of so-called eukaryotic-signature proteins (ESPs)
(112) were prevalent across asgardarchaeal genomes (94, 95, 106, 107, 113). ESPs were found to
be homologous to eukaryotic proteins involved in key cellular processes including intracellular
trafficking, informational processing, and the endosomal sorting complex required for
transport (ESCRT) (114). In addition, there are parallels between structural components that
enable the formation of a putative cytoskeleton (115).

Initially, debate raged over the validity of the placement of the eukaryotic branch within the
Asgardarchaeota (116, 117), but additional bioinformatics investigations further supported
this topology (96, 106, 107, 118). While the precise evolutionary position of eukaryotes relative
to the Asgardarchaeota is not confirmed, recent studies have confidently placed them within
the Heimdallarchaeia, as a sister group of the Hodarchaeales (106, 107). It isimportant to note
that until this point, all speculation of the asgardarchaeal ancestry of eukaryotes was based on
bioinformatics analyses, specifically phylogenetic reconstructions using universally conserved
marker genes identified on computationally reconstructed genomes. Critiques of such
techniques suggested that contamination may have influenced these phylogenetic placements
(119). However, these doubts have become unlikely with the recent cultivation of the first two
cultured members of the Lokiarchaeota, Candidatus Prometheumarchaeum syntrophicum
(120) and Candidatus Lokiarchaeum ossiferum (115), which provided access to complete
genomes from single strains. These studies confidently supported many of the physiological
and metabolic proposals made using reconstructed genomes from bioinformatics analyses
and confirmed the genuine presence of ESPs. Microscopic observations reveal that these
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asgardarchaeal representatives contain cellular structures, including protrusions (120) or
an actin cytoskeleton (115). If present in the archaeal ancestor of eukaryotes, these could
have been instrumental in mediating physically intimate relationships between the archaeal
host and bacterial partner giving rise to eukaryotes through symbiotic interactions. In time,
more closed genomes of members of the Asgard archaea, including members from the
Heimdallarchaeum (113) and Odinarchaeum (121), were obtained, and in combination with
cellular visualization and biochemical assessment, have confirmed that extant Asgard archaea
appear to have a number of complex cellular features in common with eukaryotes. A recent
analysis found that gene duplications greatly expanded the proto-eukaryotic genome, with
genes from the asgardarchaeal ancestor undergoing the most duplications (122). Together, this
suggests that the last archaeal ancestor of eukaryotes may have already possessed a degree
of cellular complexity, key to the evolution of eukaryotic cells.

MITOCHONDRIAL AND PLASTID INHERITANCE

In light of this recent work, we must also consider the bacterial partner(s) that shaped the
origins of eukaryotes. Endosymbioses leading to the mitochondrial and plastid organelles
are central elements of eukaryogenesis. In 1985, Yang and coworkers used 16S rRNA gene
sequencing to show bacterial origins of the mitochondria, proposing that mitochondria were
derived from the alpha subdivision of the then-called “purple-sulfur” bacteria (123). Genomic
and phylogenetic evidence has confidently placed the mitochondrial ancestor amongst
the Alphaproteobacteria (124) but the specific phylogenetic position of this relationship is
debated due to the tendency of mitochondria to cluster with the Rickettsiales, common
intracellular parasites (125-129). Recent phylogenetic analyses have indicated that the
affiliation of the mitochondrial branch with Rickettsiales most likely represents a phylogenetic
artifact and instead placed mitochondria as sister to most Alphaproteobacteria (130-132).
Plastid endosymbiosis is another complicated event as there can be serial inheritance of
photosynthetic bacteria from different stems of the cyanobacterial tree (i.e., the primary
plastid) (133) and lateral transfer of already-established eukaryotic plastids (i.e., secondary
and tertiary plastids) that define the evolution of this organelle (134). An expanded genomic
and phylogenetic analysis of genes in the plastid and native genomes of plastid-bearing
eukaryotes revealed an early cyanobacterial origin for the ancestor of plastids, Gleoemargarita
lithophora (135).

Since both organelles play crucial metabolic roles in their respective cells (i.e., plastids are
only found in cells of phototrophic organisms), the relationship of host and symbiont was
likely linked to biochemical constraints and conditions of metabolic exchange. Several
recent review articles outline various hypotheses that have been put forward to explain
eukaryogenesis in light of recent data (89, 136-139). While these hypotheses differ in their
predictions regarding the nature of interactions, the number and identity of partners involved,
the core biochemical conditions driving such interactions, and the relative timing of proto-
mitochondrial acquisition, these endosymbiotic proposals typically involve an ancestral
archaeal host with one or more bacterial partners. Many models of mitochondrial evolution
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are syntrophic or symbiotic models where the alphaproteobacterial partner in some way
stabilizes redox conditions in the host cell. The hydrogen hypothesis describes the interaction
of a H,-producing alphaproteobacterium with a H,-dependent archaeon (140). Whereas the
syntrophy hypothesis posits that a sulfate-reducing deltaproteobacterium engulfed a H,-
producing archaeon followed by the uptake of an alphaproteobacterium, which later became
the nucleus and mitochondria, respectively (138, 141). The reverse-flow model suggests that
the alphaproteobacterial partner served as an electron sink for the archaeal host (120, 142).
Another scenario is illustrated by the phagocytosing archaeal model where a free-living
mitochondrion was suggested to have been engulfed by an archaeon and eventually retained
function inside that cell (143). Open and unresolved questions related to the timing of proto-
mitochondrial acquisition (i.e., early, intermediate, and late) relative to other features of cellular
complexity evolved independently by the host (89, 128, 144), remain. While early phagocytosis
models favored an elaborate proto-eukaryote as host, therefore representing mitochondria-
late scenarios, the original hydrogen hypothesis is generally seen as a mitochondria-early
scenario (89). The discovery of the Asgardarchaeota and more recent phylogenetic evidence,
are more in line with so-called mitochondria-intermediate scenarios, in which the archaeal
host had already evolved a degree of cellular complexity (94, 122, 144, 145).

Taken together, there is strong genomic evidence of endosymbiotic events leading to both
the mitochondria and plastid, but more research is needed to conclusively determine the
ancestor of either group and the possible mechanism of acquisition. Eukaryogenesis is a
defining moment in cellular evolution and the history of life on Earth. The myriad of biotic
precursors involved in this process emphasizes a key evolutionary feature of eukaryotes - they
contain physical but more importantly, genetic information from either side of the root of the
TOL (89). This s crucial when addressing questions regarding the deep evolutionary history of
not just eukaryotes, but also its prokaryotic counterparts, and requires thoughtful application
of genetic tools and methods that account for the nature of eukaryotes.

HOW DO WE STUDY THE EVOLUTION OF CELLULAR LIFE?

While Darwin philosophized over the idea that all organisms were related and descended
from a common primordial ancestor, he had little empirical evidence to support such claims.
Around the same time, Gregor Mendel’s research on pea plants defined the concept of
heritability, that traits were inherited from parent to offspring by way of genes (then termed
factors) (146, 147). The term “gene” has two definitions: the Mendelian definition centers
them as the primary unit of heredity, whereas the molecular definition describes them as
segments of genetic material that encode for a protein product necessary for cell function
(148). For all organisms, DNA is the genetic material encoding all genes, where RNA serves
as an intermediate informational messenger preceding protein synthesis. Proteins, the
molecular machines that drive biochemical reactions, are most commonly produced from
theinformation stored in genetic material. The relationship between the genetic information

29



Chapter 1

and the physical manifestation of traits in the organism is best explained by the relationship
between an organism’s genotype and phenotype. In essence, the underlying genetic code
(genotype) determines the physical characteristics (phenotype) of an organism. Insight into
genes, how they evolve, their inheritance patterns, their distributions, and overall evolutionary
histories can shed light into evolution of life and metabolic innovation.

GENES

The passage of genes from parent to offspring is a fundamental principle in biology, however it
is not as straightforward of a process as it may appear. When DNA is copied and integrated into
daughter cells, random changes in the sequence, or mutations, may be introduced. The degree
to which mutations impact the protein sequence and downstream gene product generally
depends on the location of the mutation, and can be beneficial, deleterious, or neutral (149).
These sites of genetic variation are molecular measures used to estimate evolutionary change
through time (150, 151). Traditional notions of gene mutation under Darwinian principles have
shifted to accommodate the modern complexity of genomics-based inquiry and has expanded
to include the following principles of gene variation (152, 153). Substitutions in nucleotide
bases is one of the more basic elements of mutation, where any nucleotide may be swapped
for another with an added complication being that the likelihood of certain swaps are higher
than others. Gene duplication results in two gene products from a duplication of an entire
gene, but the downstream changes to the duplicated gene(s) are crucial to understanding
how this mode of genetic change influences evolution. In some cases, one gene product gains
a new function and diverges from its duplicated counterpart. Likewise, the duplicated gene
can have a loss of function, and either be lost from the population due to drift or coevolve with
its counterpart due to subspecialization (152). The latter scenario is the central principle of
evolution of the catalytic subunits of the ATP synthase headpiece complex (154, 155). In other
cases, both duplicated products may change function resulting in novel subspecialization of
the new genes. Importantly, gene duplications believed to have occurred in or before the LUCA
have immense impacts on our understanding of evolutionary history, such as the catalytic and
non-catalytic subunits of the ATP synthase heterohexameric headpiece or elongation factors
Tu and G, which have been used to root the TOL (55, 56, 154). The loss of genes can also be
evolutionarily innovative, as the loss of one (or more) genes can lead to speciations. Similarly,
novel genes can arise from previously noncoding regions of DNA. Finally, horizontal gene
transfer (HGT) describes the lateral sharing of genes between different organisms. Originally
identified in bacteria (156), recent evidence has shown this is a common mechanism of gene
flow across the TOL, including with and among eukaryotes (139, 153, 157-164).

PHYLOGENETICS

Signatures of gene mutation, duplication, transfer, origination, and loss on the genomes of
extant organisms can be used as a window into early evolution across the TOL (152). Visualizing
these variations is the foundation of the field of modern phylogenetics. Phylogenetics is the
branch of biology concerning the evolutionary relationships between organisms. Phylogenetic
study in the 19th century was built on comparisons of morphological and ecological traits of
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organisms, based on principles proposed by Linnaeus, Darwin, and others (see above). Modern
phylogenetics is based on molecular sequence data, believed to be more robust and reliable
than morphology-based interpretation. Nonetheless, these relationships can be visualized
relative to each taxon or genein a phylogenetic tree, which is a branching diagram composed
of tips/leaves (extant taxa), branches, nodes, and a root (see above) (Fig. 2). Crown groups, an
ancestor and all their descendants, are considered monophyletic. In contrast a paraphyletic
group includes an ancestor and some, but not all, of its descendants - in some cases subgroups
are found at different positions in the tree.

The process of selecting molecular markers for phylogenetic analyses depends on whether
one is interested in the history of a specific gene family or aims to resolve the evolutionary
relationship of organisms relative to each other. In the latter case, generally more information
than encoded within a single gene is required. To be able to determine phylogenetic
relationships, the analyzed genes have to be homologs that derive from a shared ancestral
sequence (152). There are two main examples of homologous genes; orthologs originate from
a single ancestral gene diversified by speciation, whereas paralogs are genes resulting from
duplications within a taxon (152, 165). Gene families that can be used to infer a TOL need
to be single-copy, vertically transferred, and universally shared across all domains of life.
These criteria generally leave only a small number of gene families (fewer than 50) suitable
for inference of the TOL, which only represent a tiny fraction of an organism’s genome (166).
Studies have attempted to use expanded marker gene sets (167) to overcome such limitations
and infer the TOL using a more comprehensive set of genetic information. However, gene
discordance (i.e., gene duplication, transfer, and loss, etc.) can complicate the phylogenetic
inference (168). Supertree methods can account for incongruencies in gene tree history
by inferring a single species topology from a combination of pre-computed single gene
phylogenies (169, 170). This method is high-throughput and can be applied to very large
datasets.

Detecting homologs of conserved marker genes and distinguishing between true orthologs
and paralogs in an organism’s genome is often approached by comparing the sequence
identity of these homologs to gene sequences in curated databases. The basic local alignment
sequence tool (BLAST) (171) is instrumental in this process. A more sensitive method of
detecting homologs relies on statistical modeling that better reflects the evolutionary
processes underlying the evolution of the marker gene. Hidden Markov models (HHMs) can
be manually curated from a small collection of homologs or accessed from verified databases
that have already generated sets of HMMs, which can be used to detect homologs based on
compatibility with the HMM profile (172). HMMER is most often used to execute such homology
searches (173, 174).

Once sequences have been selected, they are aligned into what is called a multiple sequence
alignment (MSA). The MSA is a matrix built off the homology of nucleotides or amino acids of
different sequences based on common patterns. Different methods exist to obtain alignments
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that maximize certain attributes of the sequences that reflect evolutionary relationships.
Different algorithms of homology detection can be used to increase confidence in the
prediction of the alignment. A necessary step in this process is visualizing the alignment for
quality control. Poor quality regions and gaps are often trimmed out of the MSA to ensure
that poorly aligned segments do not bias the downstream phylogenetic inference. One can
manually inspect homologous regions and gaps in order to identify sequences that might need
to be removed or to remove sites with questionable historiesin order to create a more reliable
alignment. To ensure reproducibility, especially when larger sets of sequences are analyzed,
itisimportant to rely on software to assist in the process of trimming questionable alignment
regions based on a set number of parameters. However necessary, the trimming process must
be carefully applied as the removal of too many sites can compromise the phylogenetic signal.
In some cases, more relaxed trimming methods that conserve more positions may be more
suitable (175). The limited resolution of single-gene trees poses several challenges when trying
to reliably infer and interpret deep evolutionary relationships between different taxa. Using
multiple genes to infer a phylogeny provides additional information from which to robustly
inform relationships, a process called concatenation. Concatenated protein alignments are
produced from concatenating multiple single-gene alignments into a supermatrix, which
results in many more amino acid sites to examine evolutionary change. This concatenated
alignment is larger but treated the same as single-gene alignments in the downstream
processes.

A statistical framework for evolution is then applied to this sequence alignment to infer a
phylogenetic tree. Modern methods of phylogenetic inference rely on maximum likelihood
(ML) (176) or Bayesian (177) statistical estimation (178, 179). The concept of likelihood describes
the probability of observing data given a phylogenetic tree and model of evolution (178). ML
estimation is an extension of this principle, defined as a statistical method that optimizes
parameters given by a tree and model that best explains the observable data (178, 180),
ultimately producing a phylogeny with the highest likelihood based on the data provided.
Bayesian methods differ from ML in that probabilities for the same likelihood conditions are
estimated based on prior knowledge of the distribution of the observable data (178, 179). In
essence, the probability of the likelihood using Bayesian statistical inference is weighted by
the conditionality of other prior events or information.

A model of sequence evolution describes the underlying evolutionary processes acting on
the sequence data. These models are typically represented as a two-dimensional matrix
containing probability scores of the exchange of one character (nucleotides or amino acids, 4
or 20 matrix categories, respectively) to another. They are applied under both ML and Bayesian
probabilistic methods and can vary greatly in complexity (178). DNA substitution models
take into account the substitution rate of the exchange of one base to another and the base
frequency. In the simplest example, the Jukes-Cantor (JC) model of evolution considers that
all possible base substitutions have equal probability and that the base frequencies are equal
(181). More complex nucleotide models, such as the General Time Reversible (GTR) model,
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considers unique substitution rates and unequal base frequencies (182). Similar models, such
as Le and Guascual (LG) apply to protein datasets (183).

Additional criteria must be considered for protein evolution, where regions within a protein
sequence may evolve faster or slower depending on protein structure and function.
Considering the degenerate nature of the genetic code, the third codon position in protein-
coding sequences can mutate at a different rate than the first or second positions (178).
Furthermore, highly conserved catalytic regions might have different evolutionary rates to
non-catalytic or structural parts of the protein depending on evolutionary constraints. This
concept is known as rate-heterogeneity and can be accounted for using more sophisticated
modeling such as gamma distributions or mixture models in order to make more realistic
predictions of biological change over time. A discrete gamma distribution model contains
categories of rates, all of which have equal probability, which are used to approximate the
likelihood of specific sites compared to the mean of each category (184). On the other hand,
protein mixture models integrate additional amino acid rate substitution matrices to better
explain protein evolution, compared to a standard single matrix. Common models use 10-60
different rate matrices (termed C10-C60) to model sites along a protein sequence (185). Model
selection can depend on how suitable the data is to particular statistical frameworks within
the model and mode of inference. A number of softwares can select the best model fit to the
provided data selected based on statistical criteria that quantifies error and relative quality of
the estimation (e.g., see Akaike information criterion and Bayesian information criterion) (186).

Several different tree topologies are then computed and cumulatively assessed along with other
parameters (i.e., branch lengths and model) to identify the scenario that optimizes the defined
conditions, ultimately resulting in the tree with the highest likelihood (see ML estimation
above). Phylogenies are estimations of evolutionary relationships based on statistical
frameworks, therefore confidence in the tree can be statistically tested. Bootstrapping is a
computational technique based on resampling and replication of phylogenetic inferences
and was initially used to determine confidence in observed phylogenetic relationships (187).
The bootstrap estimate is a value out of 100 representing the number of times the same
branch is observed when the data is repeatedly, randomly resampled and a phylogeny is
regenerated from any subsample. Robust phylogenetic analyses typically employ a bootstrap
approximation of 500-1000 replicates, and phylogenetic programs contain a variety of
methods that enable computing these values while reducing computational burden (188).
Tree confidence can also be measured according to likelihoods and probabilities using a variety
of statistical tests. Felsenstein’s bootstrap approximation (187) was the foundation for the
bootstrap selection probability (BP) topology estimate. While this work was seminal in the
field of phylogenetics, several studies have shown BP may not be the most suitable tool for
modern datasets due to biases and poor fit to larger samples (189, 190). As a result more robust
statistical tests were developed to assess tree topology (178, 191-193). Currently the most
reliable method is a more complex statistical test termed the Approximately Unbiased (AU)
test, which attempts to reduce bias in a multiscale bootstrap technique (193).

w
w



Chapter 1

GENE-TREE SPECIES-TREE RECONCILIATIONS

Robust phylogenies are important for any downstream analyses and interpretations that
rely on an accurate understanding of evolutionary relationships, such as gene-tree species-
tree reconciliation analyses. Gene tree-species tree reconciliation analysis, model (reconcile)
the most likely evolution of gene families, under a given species tree scenario. Specifically,
Amalgamated likelihood estimation (ALE) is one program used to model these reconciliations
and, in doing so, estimates the probability of gene duplication, transfer, origination, and loss
events across the tree (194). This reconciliation process has proven useful in estimating the
vertical and horizontal contributions to evolution, applying outgroup-free rooting methods
to avoid phylogenetic artifacts (195), and reconstructing the enzymatic repertoire of key
ancestors in a species tree (107, 195). The probabilities of gene family presence at different
positions in the species tree is useful to understand the metabolic capabilities of ancestors and
lineages and provides insight into major evolutionary transitions. In addition, reconciliations
provide a statistical framework for testing root hypotheses in the absence of an outgroup - here
any hypothesized root position can be tested and assigned a probability.

MOLECULAR DATING AND CROSS-BRACING

In addition, a reliable phylogeny is crucial to molecular clock analyses, as the appropriate
application of fossil ages and age ranges can affect any evolutionary outcomes if taxa (or
lineages) are poorly placed in a species tree. Providing a timeline for major cellular transitions
and speciations, enables deeper understanding of life’s history and ecological impact. The
use of molecular sequence data to estimate the timing of major events in cellular history, or
molecular dating, is a valuable tool in evolutionary biology (196, 197). The premise of molecular
datingis based on the proposal that time between speciations can be measured by assessing
differences in molecular sequences (197). Molecular dating requires a reliable phylogeny,
a model of evolution, a model of rate variation, and a calibration of node ages (196, 198).
Node calibrations typically correspond to a particular date, age, or age range (minimum and
maximum age constraints), which are often derived from the fossil record or geological data
(196). Molecular clocks can be strict or relaxed, in the former a single constant is used whereas
in the latter the rate of variation differs along different branches. More sophisticated methods
of molecular clock analyses, especially those that model rate variation can be computationally
demanding, making analyses costly in time and resources.

Dating deep events in the TOL can be challenging because of the paucity of fossils in
prokaryotes. To date, there are no archaeal fossils and only a few fossils in Bacteria, mostly
within the Cyanobacteria. Similarly, despite advances in more recent molecular clock models,
they do not confidently model rate variation on deep branches. Therefore, very sophisticated
methods are required to time events early in prokaryotic history. One way to overcome this
limitation is to apply a relative constraint, where relative node order is incorporated into
clock analyses to constrain ages (198, 199). An additional measure would be to identify marker
genes where multiple nodes correspond to the same evolutionary event in their gene tree, a
trait of duplicated genes and genes inherited by eukaryotes from their prokaryotic ancestors
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(i.e., horizontal transfer of genes). Equivalent speciation nodes on a given phylogeny can be
“cross-braced” (200, 201) together, and age calibrations can link those braced nodes in time.
In combination with a relative constraint, such as the mitochondria necessarily preceding the
plastid in evolutionary time, together provide an added temporal dimension to molecular
dating to overcome previously mentioned limitations.

RIBOSOMES AND THE ATP SYNTHASE AS A WINDOW INTO LIFE'S EVOLUTION
Ribosomes and the ATP synthase have unique evolutionary features that make them valuable
molecular markers for analyzing key events in cellular history. The ribosome is one of the most
consequential enzymatic complexes to have evolved. Found in all cells, ribosomes synthesize
proteins by polymerizing amino acids together based on a set of instructions encoded by RNA.
Protein synthesis is a fundamental process for cellular organisms and is universally conserved
across all extant taxa. As a result, the evolutionary mechanisms underlying the history of the
ribosome is a unique window into what the early genetic and enzymatic landscape may have
looked like on primordial Earth. RNA transcripts have unique features, including their ability
to take on secondary structural conformations and act both as genetic material and catalysts,
which are believed to have been importantin the primordial environment and for early cellular
life. The autocatalytic properties of RNA transcripts were confirmed in 1982 (202) through a
series of self-splicing experiments. The ability of RNA molecules to act as both genetic material
and biological catalysts is the centerpiece of the RNA world theory, the idea that RNA-based
genetic systems dominated the prebiotic replicator space and preceded DNA (19). Ribozymes,
as they became known, are RNA molecules with enzyme-like catalytic properties, such as
self-splicing, gene, expression, and amino acid polymerization.

Two major complexes comprise the ribosome, a small- and large-subunit, which together
form the translation machinery. Ribosomes are made up of anywhere from 55-79 individual
ribosomal proteins, with eukaryotes having more due to their larger complex (203). Ribosomal
proteins are valuable molecular markers because the ribosome is universally conserved across
all life. In addition, since eukaryotes retained certain cellular features of their prokaryotic
ancestors via endosymbiosis of the mitochondria and plastid, they can have up to three
distinct pools of ribosomes conserved between the mitochondria, plastid, and nucleus.
Therefore, one can retrace the evolutionary histories of each eukaryotic pool of ribosomes in
order to explore deeper events in the prokaryotic domains.

Like the ribosome, the ATP synthase is another crucial enzyme implicated in life’s origins.
The ATP synthase is a rotor-stator complex central to energy generation via the synthesis of
ATP from ADP and inorganic phosphate (204, 205). The presence of an ATP synthase in the
pre-cells, protocells, and/or LUCA at the very least, is not unreasonable given its function
and distribution across extant life. Similarly, many theories of abiogenesis speculate the ATP
synthase may have already been present in the primitive membrane to relieve ion gradients
naturally building across the barrier (32, 46, 47, 205, 206). Unsurprisingly, the ATP synthase is
universally conserved across all domains of life, which may reflect how crucial ATP synthesis
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was for life’s evolution. Briefly, in extant organisms there are three main types of ATP synthases,
the F-type found primarily in Bacteria, the A-type found in Archaea, and the V-type found in
Eukaryotes. The A- and V-type ATP synthases belong to a larger family termed the A/V-type ATP
synthases. The F-type appears to be the structurally simplest version of the enzyme, lacking
the peripheral groups typical of A/V-types (204, 207).

Regardless of type, these macromolecular machines have a conserved structure including
a hydrophilic catalytic headpiece, the site of ATP synthesis, which is connected to a
transmembrane ion-translocating ring (204, 207). Functionally, the ATP synthase couples the
translocation of ions (protons or sodium) across the membrane to ATP synthesis, making it a
valuable in the pre-cellular to protocell transition, as it could take advantage of the naturally
formed proton motive force to generate energy for other biochemical processes. The sodium-
proton dichotomy is believed to also influence evolution of the ATP synthase in that early
membranes may have been leaky to either ion leading to dependence on the other (31, 206,
208-210). This has not been confirmed experimentally and no true pattern for proton versus
sodium dependence has been verified, therefore further research is necessary to understand
this early invention. In the porous alkaline vent, this redox activity would have relieved the
thermodynamic constraints of a naturally accumulating proton motive force. Therefore,
despite its structural complexity, the ATP synthase may have been an elegant solution to
a lingering problem in balancing thermodynamic constraints of the chemical system.
Beyond resolving the proton gradient, the ATP synthase contributed to another energetic
breakthrough by simply producing ATP, the primary energy currency of life. With a functioning
ATP synthase, the protocell could have taken the energetic leap it required to fully escape the
vent environment and become a self-sustaining entity, as deriving energy could now be done
by tapping into an ion-gradient-energized membrane.

Similar to the ribosome, the ATP synthase is a useful molecular marker for examining
evolutionary history from the time of LUCA to now. The primary catalytic sites in the headpiece
that mediate ATP synthesis from its precursors are the consequence of a very ancient gene
duplication followed by a loss of function in one subunit (56, 154, 155). Evidence of this gene
duplication is apparent in phylogenetic comparisons of gene sequences collected from
Archaea, Bacteria, and eukaryotes (155, 200). Each paralog (from the gene duplication) can be
used to outgroup-root the other, which has historically been applied to root the TOL between
the Bacteria and the clade containing Archaea and eukaryotes (55, 56, 154). Eukaryotes
inherited ATP synthase complexes from both their prokaryotic ancestors, with the A/V-types
in vacuoles and the F-type on the mitochondria and/or the plastids. Therefore, like with the
ribosome, eukaryotes have 2-3 (depending on the presence of a plastid) distinct ATP synthase
pools, which can also be used to retrace early evolutionary transitions.

In general, both the ribosomal proteins and ATP synthases have long been included in universal
marker gene sets for inferring the TOL, due to their conservation across the three domains.
The iconic TOL inferred by Hug and coworkers was inferred using 16 ribosomal proteins (66).
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The endosymbiotic inheritance of the ribosome and ATP synthase, as well as the ancient
duplication in the latter, results in the same speciation event(s) being represented multiple
times in their respective gene trees. This node equivalency can provide a constraint for age
(fossil) calibrations that are typically used in molecular clock studies to date evolutionary
timelines. This principle has previously been applied with the ATP synthase to time the time the
mitochondrial and plastid endosymbiosis events to the late Proterozoic (200). Taken together,
the ATP synthase and ribosomal proteins can provide valuable insight into the earliest periods
of cellular and metabolic evolution from LUCA to extant life.

THESIS SCOPE

Retracing the major events early in life’s evolution is challenging and requires careful and
methodical inquiry. This thesis aims to address unresolved key questions regarding deep
cellular evolution from the earliest node in the tree of life, representing LUCA, to the divergence
and radiation of Archaea and Bacteria, endosymbioses contributing to eukaryogenesis, and
the structure of the TOL. To this end, | applied diverse bioinformatics approaches including
phylogenetics (single genes, sets of genes, all genes on a genome), gene tree-species tree
reconciliations, molecular dating, metabolic reconstructions and ancestral reconstructions.
Through the lens of enzyme evolution, | examine the shape of the tree of the primary domains
of life and their evolutionary distance (Chapter 2), the timing of cellular evolution and the
history of the ATP synthase (Chapter 3), and the nature of the LBCA (Chapter 4). Chapter 5
is a literature review on current perspectives on the TOL including the evolutionary impact
of the enigmatic Virosphere. The final chapter (Chapter 6) discusses the diversity and global
impact of the Archaea.

CHAPTER 2: THE DEEPEST SPLIT IN THE TREE OF LIFE

In Chapter 2 | examine the evolutionary proximity of the two primary domains. Universal
core marker gene sets shared across Archaea and Bacteria typically contain up to ~50 genes,
usually associated with informational processing machinery (e.g., transcription, translation,
genetic processing), but representing a small fraction of genetic information from an
organism’s genome. To overcome this limitation, a collection of 381 marker genes, including
many metabolic genes, were used to infer a phylogeny of 10,575 Archaea and Bacteria by Zhu
and coworkers (167). While the phylogeny was inferred using a supertree method in ASTRAL
(211), traditional marker gene concatenation was applied to infer branch lengths. As a result,
their analysis resolved a short evolutionary distance between Archaea and Bacteria, which
conflicts with results from traditional analyses. To investigate this discrepancy | compared
different marker gene sets of varying size and gene type (i.e. ribosomal, non-ribosomal, and
core marker genes) to this larger expanded set (167) of genes. | used two different methods to
assess the reliability of marker genes in the expanded set and our curated test set: a manual
inspection of phylogenies and a quantification of taxonomic splits. First, | manually inspected
gene phylogenies to see if they recovered the reciprocal monophyly of the domains, as well as
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for the presence of HGT and paralogous gene sequences. Inferring a concatenated phylogeny
using genes with complicated histories and non-vertical inheritance, can cause phylogenetic
artifacts. In the second method, | ranked the best and worst performing marker genes based
on how well they recovered established sisterhood relationships. Results demonstrated that
phylogenetic analyses are sensitive to marker gene selection. The inclusion of paralogs rather
than orthologs and intradomain HGT results in a phylogeny with an artificially shortened
branch between Archaea and Bacteria. Statistically, the best performing markers resolved
a tree with a long interdomain branch between the primary domains and recovered the
positioning of key groups consistent with recent analyses.

CHAPTER 3: TIMING CELLULAR EVOLUTION AND THE HISTORY OF THE
ATP SYNTHASE

In Chapter 3 the timing and evolutionary history of the ATP synthase was investigated based
on a dated cross-braced TOL. Dating deep evolutionary events is complicated by the paucity
of prokaryotic fossils and the failure of molecular clocks to properly model rate variation.
In turn, adding eukaryotes, for which fossils are available, to phylogenetic analyses is key.
For this, it is crucial to use phylogenetic marker genes that are not only shared between
Archaea and Bacteria but are also present in eukaryotes and inherited from their archaeal
and bacterial ancestors, respectively. Importantly, eukaryotes have inherited up to three
sets of ribosomes and ATP synthases from their prokaryotic ancestors. The ATP synthase
core function is enabled by two headpiece subunits, termed catalytic and non-catalytic, that
mediate the synthesis of ATP from ADP and inorganic phosphate. These two subunits are the
product of an ancient duplication, believed to precede LUCA. As a result, speciation events
across the Archaea, Bacteria, and eukaryotes are represented twice in a phylogeny of these
ATP synthase subunits. Taken together, gene duplication (ATP synthase) and endosymbiosis
(ATP synthase and ribosomal proteins) results in multiple nodes of the respective gene trees
corresponding to the same evolutionary event. This node equivalence was the foundation for
the cross-bracing method which we combined with a relative time constraint, to propagate
eukaryotic fossil ages into poorly constrained regions deep in a TOL inferred from ribosomal
proteins and a gene tree of the key subunits of the ATP synthase. Dating analyses revealed
that LUCA lived around 4.52-4.32 Ga and LBCA lived from 4.49-4.05 Ga, both preceding LACA
which was estimated to live around 3.95-3.37 Ga. The timeline for cellular evolution resolved
from this dated TOL provided an absolute timing for the ATP synthase, revealing that the
ancestral duplication of the catalytic and non-catalytic subunits (4.52-4.46 Ga), as well as the
speciation of the two major types of ATP synthase, the F- and the A/V-type, overlapped or
preceded the timing of LUCA. In combination with phylogenomic and phylogenetic analyses of
the catalytic and non-catalytic subunits of the ATP synthase, multiple evolutionary scenarios
are presented where LUCA either 1) contained a rudimentary F-type ATP synthase, with gradual
evolution of the A/V-type along the archaeal stem and a transfer into LBCA or 2) that LUCA
already contained both the F- and A/V-type ATP synthases, the former of which was lost along
the stem to LACA with a very late transfer of F-type ATP synthases into the Methanosarcina.
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CHAPTER 4: THE BACTERIAL PHYLOGENY AND THE LAST BACTERIAL
COMMON ANCESTOR

In Chapter 4 advances in gene tree-species tree reconciliations were instrumental in outgroup-
free rooting of the bacterial tree, quantifying the vertical and horizontal contributions to
bacterial evolution, and reconstructing the putative enzymatic repertoire of LBCA. The
bacterial phylogeny convincingly resolved a deep split between the Terrabacteria and
Gracilicutes, with the CPR being a derived lineage within the Terrabacteria, descending from
acommon ancestor with the Chloroflexota. Quantitative analyses of gene duplication, transfer,
origination, and loss across the bacterial tree reveal that HGT affects the majority of genes
(92%), while 66% of genes show vertical transmission, making a tree a suitable framework on
which to examine bacterial evolution. The reconciliations analysis also allows for mapping of
gene families to specific nodes in the tree, which was the foundation for the reconstruction
of the metabolism and structure of LBCA. Based on posterior probabilities of gene family
presence, LBCA is proposed to have already been a complex free-living, rod-shaped diderm,
with flagella, pili, and lipopolysaccharides. These, among other findings, suggest that LBCA was
motile and capable of chemotaxis and environmental sensing. The recovery of components of
glycolysis, the tricarboxylic-acid cycle (TCA), and the pentose-phosphate pathway provides
evidence for carbohydrate metabolism. Carbon-fixation pathways were patchily resolved,
with some evidence for the TCA, reductive glycine pathway, and the methyl branch of the WLP.
While the presence of enzymes comprising the Rhodobacter nitrogen-fixation (Rnf) complex
would be consistent with the possibility of acetogenic growth, the primary catalytic enzyme
of the WLP was not recovered. A complete CRISPR-Cas system implies LBCA may have already
been in contact with viruses and other parasitic replicators.

CHAPTER 5: A NEW VIEW OF THE TREE OF LIFE INCLUDING THE VIROSPHERE
Chapter 5 is a literature review addressing advances in microbial sampling, genome
sequencing, and phylogenetics that have reshaped the TOL and how the recently proposed
“Virosphere” contributes to the diversification of life and cellular evolution. The root of the
infamous 3D tree sits between a branch leading to Bacteria and another branch leading
to the sister clades, Archaea and Eukaryota. Over the past several decades, genomic and
phylogenetic evidence have led to a revised scenario of eukaryogenesis, one that involved
an ancestral archaealhost and one or more bacterial partners. The discovery of the Asgard
archaea as the closest phylogenetic relatives of eukaryotes was a central element supporting
the archaeal origins of eukaryotes, and the subsequent cultivation of the first Lokiarchaeota
provided morphological and physiological evidence underlying possible mechanisms of
eukaryogenesis. Robust computational techniques, such as outgroup free rooting methods
and limiting phylogenetic artifacts have placed the CPR bacteria as a derived lineage sister to
the Chloroflexota, whereas additional analyses are required to confirm the basal placement
of their counterparts in the Archaea, the DPANN. Deeper sequencing of eukaryotic genomes
has resolved additional branches in the eukaryotic tree, resulting in better resolution of the
root of the eukaryotes and the nature of LECA. Viruses, other non-cellular parasites, and
mobile genetic elements (MGEs) are generally excluded from the TOL, however they are
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ubiquitous in the biosphere and have been shown to be instrumental in genome evolution
and ecology. Genomics techniques have been useful in categorizing viruses and other MGEs
into a tiered multi-realm sphere, termed the Virosphere. All but one of the six major realms of
the virosphere are believed to have originated around or before LUCA, making them crucial
in our understanding of cellular evolution from its earliest stages. The current proposal of
viral evolution is one that combines two major branches that run parallel to the origins of
life from the primordial environment. The replication (genetic) module is proposed to have
originated from the primordial replicon pool, while the morphogenetic (encapsulation) module
was acquired several times throughout cellular history, mirrored in the diversification of
viral structure. Overcoming sequencing and technical limitations would expand progress on
addressing debate surrounding life’s origins and evolution, including the parallel involvement
of the virosphere.

CHAPTER 6: ARCHAEAL DIVERSITY, TAXONOMY, AND ECOLOGY

Chapter 6 is a book chapter that takes a closer look at evolving perspectives on the Archaea,
including their placement in the TOL, taxonomy, diversity, and their ecological roles. The
diversity and evolution of the Archaea has undergone massive expansion in the past 50
years since the discovery of the domain. Initial observations revealed that Archaea shared
many features with eukaryotes to the exclusion of Bacteria, inviting speculation over their
evolutionary position in the TOL and their role in eukaryogenesis. Widespread sampling
of diverse environmental samples coupled with cultivation-independent techniques have
revealed the ubiquity of archaea across a wide variety of environments. Improved sequencing
and phylogenetic methods have identified new branches in the archaeal tree highlighting
the diversity of these organisms. The discovery of the Asgard superphylum indicated a
branch within the Archaea that leads to the eukaryotes, with ancestral members of this
group proposed to be the ancestral host of the protoeukaryote. In addition, the presence of
a diverse and deeply-branching archaeal radiation known as the DPANN superphylum, has
opened unanswered questions regarding the evolutionary processes at play in the archaeal
tree. Representatives of the DPANN are generally reduced in cell and genome size, and based
on the patchy presence of key biosynthetic pathways and other cellular features, are believed
to primarily depend on symbiotic relationships with a more metabolically complete host.
Genomic and experimental evidence has implicated Archaea as critical players in global
nutrient cycling, for example the role of methanogens and methanotrophs in cycling methane
in low-energy environments. In addition, emerging evidence has predicted members of this
group to play an important role in the human microbiome, including oral, gut, and lung health.
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Chapter 2

SUMMARY AND CONTRIBUTIONS

Marker gene selection can have a profound impact on the topology of a phylogeny. A recent
analysis (1) inferred a tree of 10,575 Archaea and Bacteria using 381 marker genes (hereafter,
expanded set) using a combination of a supertree and conventional gene concatenation
approach and resolved a short interdomain branch (hereafter, AB branch), which challenges
traditional findings of a distant relationship between the two primary domains. Concatenated
phylogeneticinference is traditionally implemented using a small subset of vertically evolving
genes. Despite their efficacy in resolving phylogenetic relationships, small sets of genes only
represent a minute fraction of the totality of genomic content. Consequently, including a more
diverse set of marker genes can provide additional genetic information from which to inform
evolutionary relationships. Zhu and coworkers used the supertree method, ASTRAL (2, 3), to
infer a tree of Archaea and Bacteria, and traditional concatenated phylogenetic inference to
compute branch lengths, which were then applied to the supertree topology. The disparity
between the results obtained by Zhu et. al. versus more traditional approaches prompted us
to investigate and compare the various approaches to assess their reliability (e.g. utility of
concatenated phylogenetic inference methods, marker gene selection, model fit, and trimming
methods). Specifically, we combined manual inspection of marker gene trees, quantification of
the taxonomic splits between established groups, phylogenetic inference, and model testing
to assess how well different marker gene sets 1) resolve the deepest events in the tree of life
(TOL) and 2) can be used to determine divergence time between the primary domains of
life. When inspecting the marker gene phylogenies from the published study (1), we found
that the majority of markers exhibited evolutionary histories that were incongruent with the
vertically evolving processes occurring in the TOL. Namely, we found most markers failed to
meet key criteria, such as reciprocal monophyly of the two domains and limited horizontal
gene transfer (HGT). Our inspection revealed that hidden paralogy and interdomain HGT
contributed the most to artificially shortening the AB branch. We observed similar trendsin an
in-house curated set of marker genes from previously published studies (4-6), which we used
to statistically determine the best performing markers and infer a phylogeny that recovered
a long AB branch and placement of relevant clades. This suggests that the observation of a
shorter interdomain branch, as presented by Zhu and coworkers, is a result of phylogenetic
artifacts rather than reflective of deep cellular evolution.

This project was a collaborative effort that required major contributions from authors with
expertise in different fields. Active analysis and writing for this project occurred over the course
of approximately 24 months. We held collaborative weekly writing and analysis meetings
for approximately 13 months until the paper was published. My contribution to this project
included conceptualization, data curation, formal analysis and investigation, as well as writing
of the original draft, revision, and final draft. My data analysis involved the following major
sections: the inspection, evaluation, and testing of the 381 marker genes used by Zhu and co
workers to infer a phylogeny of 10,575 Archaea and Bacteria (1), 2) the inspection, evaluation,
and testing of a curated set of marker genes from previously published analyses (4-6) to assess
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reliability and conditions necessary for phylogenetic inference, 3) taxonomic selection for our
focal analysis, and 4) taxonomic evaluation of the 10,575 Archaea and Bacteria used by Zhu
et.al. (I). Imanually inspected each single gene tree in the expanded dataset to identify what
proportion of genes recovered the reciprocal monophyly of the primary domains, as well as
for the presence of paralogous gene families (i.e., based on sequence annotations | performed
on all sequences in the published dataset). The manual assessment of the extent of domain
paraphyly, HGT, and presence of paralogs was summarized and used to determine reliable
marker gene selection methods. This analysis was coupled with a statistical approach that
quantified the number of times established taxonomic relationships were recovered in trees
generated using the expanded set of marker genes (but with a subset of taxa for computational
tractability). Briefly, the number of “splits” is correlated to the number of times a particular
lineage is recovered monophyletic; it is defined by a metric known as the split-score (7). |
summarized the split-score statistics to identify which genes were the “highest-ranking”
markers based on the quantified ranking process. | also performed a taxonomy check using
the GTDB-Toolkit in an effort to properly establish taxonomic groups for all taxa including
in the initial study (1), which | used for the split-score analysis and the visualization of the
distribution of taxonomic groups compared to our working dataset.

The second part of this project involved curation of a collection of 95 ribosomal, non-ribosomal,
and core marker genes (4-6) from previously published studies to examine the attributes and
performance of different marker genes in phylogenetic reconstruction. Likewise, | annotated
all sequences from the 350 Archaea and 350 Bacteria in our dataset and collected orthologs
corresponding to all 95 markers. The KO, Pfam, and their corresponding descriptions were
mapped to the tips of the trees and used during several rounds of manualinspection. | applied
the split-score ranking procedure to the 54 markers that met reciprocal monophyly of Archaea
and Bacteria, and the downstream statistical analysis recovered 27 marker genes that were
the 50% best performing markers from the dataset. The resulting phylogeny of those markers
revealed a long AB branch length and diversification of the major domains that is consistent
with recent findings.
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ABSTRACT

Core gene phylogenies provide a window into early evolution, but different gene sets and
analytical methods have yielded substantially different views of the tree of life. Trees inferred
from a small set of universal core genes have typically supported a long branch separating the
archaeal and bacterial domains. By contrast, recent analyses of a broader set of non-ribosomal
genes have suggested that Archaea may be less divergent from Bacteria, and that estimates
of inter-domain distance are inflated due to accelerated evolution of ribosomal proteins
along the inter-domain branch. Resolving this debate is key to determining the diversity of
the archaeal and bacterial domains, the shape of the tree of life, and our understanding of the
early course of cellular evolution. Here, we investigate the evolutionary history of the marker
genes key to the debate. We show that estimates of a reduced Archaea-Bacteria (AB) branch
length result from inter-domain gene transfers and hidden paralogy in the expanded marker
gene set. By contrast, analysis of a broad range of manually curated marker gene datasets
from an evenly sampled set of 700 Archaea and Bacteria reveals that current methods likely
underestimate the AB branch length due to substitutional saturation and poor model fit;
that the best-performing phylogenetic markers tend to support longer inter-domain branch
lengths; and that the AB branch lengths of ribosomal and non-ribosomal marker genes are
statistically indistinguishable. Furthermore, our phylogeny inferred from the 27 highest-ranked
marker genes recovers a clade of DPANN at the base of the Archaea and places the bacterial
Candidate Phyla Radiation (CPR) within Bacteria as the sister group to the Chloroflexota.
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INTRODUCTION

Much remains unknown about the earliest period of cellular evolution and the deepest
divergences in the tree of life. Phylogenies encompassing both Archaea and Bacteria have
been inferred from a ‘universal core’ set of 16-56 genes encoding proteins involved in
translation and other aspects of the genetic information processing machinery (1-11). While
representing a small fraction of the total genome of any organism (12), these genes are thought
to predominantly evolve vertically and are thus best suited for reconstructing the tree of life (1,
7,9, 13, 14). In these analyses, the branch separating Archaea from Bacteria (hereafter, the AB
branch) is often the longest internal branch in the tree (4, 10, 15-18). In molecular phylogenetics,
branch lengths are usually measured in expected numbers of substitutions per site, with a
long branch corresponding to a greater degree of genetic change. Long branches can therefore
result from high evolutionary rates, long periods of absolute time, or a combination of the
two. If a sufficient number of fossils are available for calibration, molecular clock models can,
in principle, disentangle the contributions of these effects. However, limited fossil data (19)
is currently available to calibrate early divergences in the tree of life (20-23), and as a result,
the ages and evolutionary rates of the deepest branches of the tree remain highly uncertain.

Recently, Zhu et al., 2019 (24) inferred a phylogeny from 381 genes distributed across Archaea
and Bacteria using the supertree method ASTRAL (25). These markers increase the total
number of genes compared to other universal marker sets and comprise not only proteins
involved in information processing but also proteins affiliated with most other functional
COG categories, including metabolic processes (Supplementary file 1). The genetic distance
(AB branch length) between the domains (24) was estimated from a concatenation of the
same marker genes, resulting in a much shorter AB branch length than observed with the
core universal markers (4, 10). These analyses were consistent with the hypothesis (6, 24) that
the apparent deep divergence of Archaea and Bacteria might be the result of an accelerated
evolutionary rate of genes encoding translational and in particular ribosomal proteins along
the AB branch as compared to other genes. Interestingly, the same observation was made
previously using a smaller set of 38 non-ribosomal marker proteins (6), although the difference
in AB branch length between ribosomal and non-ribosomal markers in that analysis was
reported to be substantially lower (roughly twofold, compared to roughly 10-fold for the 381
protein set (6, 24)).

A higher evolutionary rate of ribosomal genes might result from the accumulation of
compensatory substitutions at the interaction surfaces among the protein subunits of the
ribosome (6, 26) or as a compensatory response to the addition or removal of ribosomal
subunits early in evolution (6). Alternatively, differences in the inferred AB branch length
might result from varying rates or patterns of evolution between the traditional core genes
(10, 27) and the expanded set (24). Substitutional saturation (multiple substitutions at the
same ssite) (28) and across-site compositional heterogeneity can both impact the inference of
tree topologies and branch lengths (29-34) These difficulties are particularly significant for
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ancient divergences (35). Failure to model site-specific amino acid preferences has previously
been shown to lead to underestimation of the AB branch length due to a failure to detect
convergent changes (10, 36), although the published analysis of the 381 marker set did not find
evidence of a substantial impact of these features on the tree as a whole (24). Those analyses
also identified phylogenetic incongruence among the 381 markers, but did not determine the
underlying cause (24).

This recent work (Zhu et al., 2019) (24) raises two important issues regarding the inference of
the universal tree: first, that estimates of the genetic distance between Archaea and Bacteria
from classic ‘core genes’ may not be representative of ancient genomes as a whole, and
second, that there may be many more suitable genes to investigate early evolutionary history
than generally recognized, providing an opportunity to improve the precision and accuracy
of deep phylogenies. Here, we investigate these issues in order to determine how different
methodologies and marker sets affect estimates of the evolutionary distance between
Archaea and Bacteria. First, we examine the evolutionary history of the 381-gene marker
set (hereafter, the expanded marker gene set) and identify several features of these genes,
including instances of inter-domain gene transfers and mixed paralogy, that may contribute
to the inference of a shorter AB branch length in concatenation analyses. Then, we re-evaluate
the marker gene sets used in a range of previous analyses to determine how these and other
factors, including substitutional saturation and model fit, contribute to inter-domain branch
length estimations and the shape of the universal tree. Finally, we identify a subset of marker
genes least affected by these issues and use these to estimate an updated tree of the primary
domains of life and the length of the branch that separates Archaea and Bacteria.

RESULTS AND DISCUSSION

GENES FROM THE EXPANDED MARKER SET ARE NOT WIDELY
DISTRIBUTED IN ARCHAEA

The 381-gene set was derived from a larger set of 400 genes used to estimate the phylogenetic
placement of new lineages as part of the PhyloPhlAn method (37) and applied to a taxonomic
selection that included 669 Archaea and 9906 Bacteria (24). Perhaps reflecting the focus on
Bacteria in the original application, the phylogenetic distribution of the 381 marker genes
in the expanded set varies substantially (Supplementary file 1), with many being poorly
represented in Archaea. Specifically, 41% of the published gene trees (https://biocore.github.
io/wol/; Zhu et al., 2019 (24)) contain less than 25% of the sampled archaea, with 14 and 68
of these trees including 0 or <10 archaeal homologues, respectively. Across all of the gene
trees, archaeal homologues comprise 0-14.8% of the dataset (Supplementary file 1). Manual
inspection of subsampled versions of these gene trees suggested that 317/381 did not possess
an unambiguous branch separating the archaeal and bacterial domains (Supplementary file 1).
These distributions suggest that many of these genes are not broadly present in both domains,
and that some might be specific to Bacteria.
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CONFLICTING EVOLUTIONARY HISTORIES OF INDIVIDUAL MARKER
GENES AND THE INFERRED SPECIES TREE

In the published analysis of the 381-gene set (24), the tree topology was inferred using the
supertree method ASTRAL (25), with branch lengths inferred on this fixed tree from a marker
gene concatenation (24). The topology inferred from this expanded marker set (24) is similar to
previous trees (4, 38) and recovers Archaea and Bacteria as reciprocally monophyletic domains,
albeit with a shorter AB branch than in earlier analyses. However, the individual gene trees
(24) differ regarding domain monophyly: Archaea and Bacteria are recovered as reciprocally
monophyletic groupsin only 22 of the 381 published (24) maximum likelihood (ML) gene trees
of the expanded marker set (Supplementary file 1).

Since single-gene trees often fail to strongly resolve ancient relationships, we used
approximately unbiased (AU) tests (39) to evaluate whether the failure to recover domain
monophyly in the published ML trees is statistically supported. For computational tractability,
we performed these analyses on a 1000-species subsample of the full 10,575-species dataset
that was compiled in the original study (24). For 79 of the 381 genes, we could not perform
the test because the gene family did not contain any archaeal homologues (56 genes) or
contained only one archaeal homologue (23 genes); in total, the 1000-species sample included
74 archaeal genomes. For the remaining 302 genes, domain monophyly was rejected at the 5%
significance level (with Bonferroni correction, p<0.0001656) for 151 out of 302 (50%) genes.
As a comparison, we performed the same test on several smaller marker sets used previously
to infer a tree of life (6, 10, 40); none of the markers in those sets rejected reciprocal domain
monophyly (p<0.05 for all genes, with Bonferroni correction: Coleman: >0.001724; Petitjean:
>0.001316; Williams: >0.00102: Fig. 1A). In what follows, we refer to four published marker gene
sets as (i) the expanded set (381 genes; Zhu et al., 2019 (24)); (ii) the core set (49 genes; Williams
et al., 2020 (10)), encoding ribosomal proteins and other conserved information-processing
functions; itself a consensus set of several earlier studies (27, 41, 42); (iii) the non-ribosomal
set (38 genes, broadly distributed and explicitly selected to avoid genes encoding ribosomal
proteins; Petitjean et al., 2014 (6)); and (iv) the bacterial set (29 genes used in a recent analysis
of bacterial phylogeny; Coleman et al., 2021 (40)).
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Fig. 1| Vertically evolving marker genes support a greater evolutionary distance between Archaea
and Bacteria. (A) Expanded set genes that reject domain monophyly (p<0.05, approximately unbiased
[AU] test, with Bonferroni correction [see main text]) support significantly shorter Archaea-Bacteria (AB)
branch lengths when constrained to follow a domain monophyletic tree (p=3.653 x 10-¢, Wilcoxon rank-
sum test). None of the marker genes from several other published analyses significantly reject domain
monophyly (Bonferroni-corrected p<0.05, AU test) for all genes tested, consistent with vertical inheritance
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from the LUCA (last universal common ancestor) to the last common ancestors of Archaea and Bacteria,
respectively. (B) Two measures of evolutionary proximity (24), AB branch length and relative AB distance,
are positively correlated (R =0.7426499, p< 2.2 x 107%). We considered two complementary proxies of
marker gene verticality: ALL (C: against AB branch length; D: against relative AB length), which reflects
the degree to which marker genes reject domain monophyly (C: p=0.009013 and R =-0.2317894; D:
p=0.0001051 and R =-0.2213292); and the between-domain split score (E: against AB branch length; F:
against relative AB length), which quantifies the extent to which marker genes recover monophyletic
Archaea and Bacteria; a higher split score (see Materials and methods) indicates the splitting of
domains into multiple gene tree clades due to gene transfer, reciprocal sorting out of paralogs, or lack
of phylogenetic resolution (E: p=0.0005304 and R =-0.3043537; F: p=2.572 x 10°°and R =-0.2667739).
We also considered a split score based on within-domain relationships (G); between- and within-domain
split scores are positively correlated: R =0.836679, p<2.2 x 107, Pearson’s correlation, indicating that
markers that recover Archaea and Bacteria as monophyletic also tend to recover established within-
domain relationships. (H) Inferred AB length decreases as marker genes of lower verticality (larger ALL)
are added to the concatenate. Marker genes were sorted by ALL, the difference in log-likelihood between
the maximum likelihood gene family tree under a free topology search and the log-likelihood of the best
tree constrained to obey domain monophyly. Note that 79/381 expanded set markers had zero or one
archaeain the 1000-species subsample and so could not be included in these analyses; of the remaining
302 markers, 176 have AB branch lengths very close to 0 in the constraint tree (as seen in panel A). In
these plots, we removed all markers with an AB branch length of <0.00001; see Fig. 1—figure supplements
1-13for all plots. Nonlinear trendlines were estimated using LOESS regression.

Fig. supplement 1. No evidence for a relationship between Archaea-Bacteria (AB) branch length and
gene evolutionary rate (average MAD root-to- tip distance).

Fig. supplement 2. No evidence for a relationship between Archaea-Bacteria (AB) branch length and
gene evolutionary rate (average MAD root-to- tip distance).

Fig. supplement 3. A significant positive relationship between relative Archaea-Bacteria (AB) distance
and evolutionary rate (MAD root-to-tip distance).

Fig. supplement 4. Two proxies for marker gene verticality, ALL and between-domain split score, are
highly correlated.

Fig. supplement 5. Low-verticality genes (as measured by ALL) have a higher evolutionary rate (as
measured by the mean root-to-tip distance on MAD-rooted gene trees).

Fig. supplement 6. Low-verticality genes (measured by between-domain split score) have a higher
evolutionary rate (MAD root-to-tip distance).

Fig. supplement 7. High-verticality marker genes have longer Archaea-Bacteria (AB) branch lengths.

Fig. supplement8.Archaea-Bacteria (AB) branch length and relative ABdistance are positively correlated.

Fig. supplement 9. Archaea-Bacteria (AB) branch length is negatively correlated with between-domain
split score.

Fig. supplement 10. Within-domain split score and ALL are strongly correlated, suggesting that both
proxies capture a common signal of marker gene verticality.

Fig. supplement 11. Low-verticality marker genes (measured as within-domain split score) have shorter
relative Archaea-Bacteria (AB) distances.

Fig. supplement 12. Low-verticality marker genes (measured as within-domain split score) have shorter
Archaea-Bacteria (AB) branch lengths.

Fig. supplement 13. Low-verticality marker genes (measured as within-domain split score) have shorter
Archaea-Bacteria (AB) branch lengths.

Fig. supplement 14. Raw count and percentage distribution of the Genome Taxonomy Database (GTDB)-
defined classes for 10,575 archaeal and bacterial genomes in the expanded marker set analysis.

Fig. supplement 15. Raw count and percentage distribution of the Genome Taxonomy Database (GTDB)-
defined phyla for 10,575 archaeal and bacterial genomes in the expanded marker set analysis.

Fig. supplement 16. Raw count and percentage distribution of domains for 10,575 archaeal and bacterial
genomes in the expanded marker set analysis.
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To investigate why 151 of the marker genes rejected the reciprocal monophyly of Archaea
and Bacteria, we returned to the full dataset (24), annotated each sequence in each marker
gene family by assigning proteins to KOs, PFAMs and Interpro domains, among others
(Supplementary file 1, see Materials and methods for details), and manually inspected the
tree topologies (Supplementary file 1). This revealed that the major cause of domain polyphyly
observed in gene trees was inter-domain gene transfer (in 359 out of 381 gene trees [94.2%)])
and mixing of sequences from distinct paralogous families (in 246 out of 381 gene trees
[64.6%)]). For instance, marker genes encoding ABC-type transporters (p0131, p0151, p0159,
p0174, p0181, p0287, p0306, p0364), tRNA synthetases (i.e., p0000, p0011, p0020, p0091,
p0094, p0202), and aminotransferases and dehydratases (i.e., p0073/4-aminobutyrate
aminotransferase; p0093/3-isopropylmalate dehydratase) often comprised a mixture of
paralogs.

Together, these analyses indicate that the evolutionary histories of the individual markers
of the expanded set differ from each other and from the species tree. The original study
investigated and acknowledged (24) the varying levels of congruence between the marker
phylogenies and the species tree, but did not investigate the underlying causes. Our analyses
establish the basis for these disagreements in terms of gene transfers and the mixing of
orthologs and paralogs within and between domains. The estimation of genetic distance based
on concatenation relies on the assumption that all of the genes in the supermatrix evolve on
the same underlying tree; genes with different gene tree topologies violate this assumption
and should not be concatenated because the topological differences among sites are not
modeled, and so the impact on inferred branch lengths is difficult to predict. In practice, it is
often difficult to be certain that all of the markers in a concatenate share the same gene tree
topology, and the analysis proceeds on the hypothesis that a small proportion of discordant
genes are not expected to seriously impact the inferred tree. However, the concatenated tree
inferred from the expanded marker set differs from previous trees in that the genetic distance
between Bacteria and Archaea is greatly reduced, such that the AB branch length appears
comparable to distances among bacterial phyla (24). Since an accurate estimate of the AB
branch length has a major bearing on unanswered questions regarding the root of the universal
tree (35), we next evaluated the impact of the conflicting gene histories within the expanded
marker set on inferred AB branch length.

THE INFERRED BRANCH LENGTH BETWEEN ARCHAEA AND BACTERIA IS
SHORTENED BY INTER-DOMAIN GENE TRANSFER AND HIDDEN PARALOGY
To investigate the impact of gene transfers and mixed paralogy on the AB branch length
inferred by gene concatenations (24), we compared branch lengths estimated from markers
on the basis of whether or not they rejected domain monophyly in the expanded marker set
(Fig. 1A). To estimate AB branch lengths for genes in which the domains were not monophyletic
inthe ML tree, we first performed a constrained ML search to find the best gene tree that was
consistent with domain monophyly for each family under the LG + G4 + F model in IQ-TREE
2 (43). While it may seem strained to estimate the length of a branch that does not appear
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in the ML tree, we reasoned that this approach would provide insight into the contribution
of these genes to the AB branch length in the concatenation, in which they conflict with the
overall topology. AB branch lengths were significantly (p=3.653 x 10-%, Wilcoxon rank-sum test)
shorter for markers that rejected domain monophyly (Bonferroni-corrected p<0.0001656; Fig.
1A): the mean AB branch length was 0.00668 substitutions/site for markers that significantly
rejected domain monophyly and 0.287 substitutions/site for markers that did not reject
domain monophyly. This behavior might result from marker gene transfers reducing the
number of fixed differences between the domains, so that the AB branch length in a tree in
which Archaea and Bacteria are constrained to be reciprocally monophyletic will tend towards
0 as the number of transfers increases.

To test the hypothesis that phylogenetic incongruence among markers might reduce
the inferred AB distance, we evaluated the relationship between AB distance and two
complementary metrics of marker gene verticality: ALL, the difference in log-likelihood
between the constrained ML tree and the ML gene tree (a proxy for the extent to which a marker
gene rejects the reciprocal monophyly of Bacteria and Archaea), and the ‘split score’ (44), which
measures the extent to which marker genes recover established relationships for defined
taxonomic levels of interest (e.g., at the level of domain, phylum, or order), averaging over
bootstrap distributions of gene trees to account for phylogenetic uncertainty (see Materials
and methods). We evaluated split scores at both the between-domain and within-domain
(Fig. 1—figure supplements 1-13) levels. ALL and between-domain split score were positively
correlated with each other (Fig. 1—figure supplement 4) and negatively correlated with both
AB stem length (Fig. 1C and E) and relative AB distance (Fig. 1D and F), an alternative metric
(24) that compares average tip-to-tip distances within and between domains. Interestingly,
between-domain and within-domain split scores were strongly positively correlated (Fig. 1G),
and the same relationships between within-domain split score, AB branch length, and relative
AB distance were observed (Fig. 1—figure supplements 11 and 12). Overall, these results
suggest that genes that recover the reciprocal monophyly of Archaea and Bacteria also evolve
more vertically within each domain, and that these vertically evolving marker genes support
a longer AB branch and a greater AB distance. Indeed, Zhu et al., 2019 (24) also recovered a
significant positive relationship between gene verticality and relative AB distance (see their
Fig. 5E). Consistent with these inferences, AB branch lengths estimated using concatenation
decreased as increasing numbers of low-verticality markers (i.e., markers with higher ALL)
were added to the concatenate (Fig. 1). These results suggest that inter-domain gene transfers
reduce the overall AB branch length when included in a concatenation.

An alternative explanation for the positive relationship between marker gene verticality and
AB branch length could be that vertically evolving genes experience higher rates of sequence
evolution. For a set of genes that originate at the same point on the species tree, the mean
root-to-tip distance (measured in substitutions per site, for gene trees rooted using the MAD
(minimal ancestor deviation) method; ref. (45)) provides a proxy of evolutionary rate. Mean
root-to-tip distances were significantly positively correlated with ALL and between-domain
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split score (ALL: R =0.1397803, p=0.01506, split score: R = 0.1705415, p=0.002947; Fig. 1—figure
supplements 5 and 6), indicating that vertically evolving genes evolve relatively slowly (note
that large values of ALL and split score denote low verticality). Thus, the longer AB branches
of vertically evolving genes do not appear to result from a faster evolutionary rate for these
genes. Taken together, these results indicate that the inclusion of genes that do not support
the reciprocal monophyly of Archaea and Bacteria, or their constituent taxonomic ranks, in
the universal concatenate explains the reduced estimated AB branch length.

FINDING ANCIENT VERTICALLY EVOLVING GENES

To estimate the AB branch length and the phylogeny of prokaryotes using a dataset that
resolves some of the issues identified above, we performed a meta-analysis of several previous
studies to identify a consensus set of vertically evolving marker genes. We identified unique
markers from these analyses by reference to the COG ontology (Supplementary file 2, ref.
(44); ref. (46)), extracted homologous sequences from a representative sample of 350 archaeal
and 350 bacterial genomes (Supplementary file 3), and performed iterative phylogenetics and
manual curation to obtain a set of 54 markers that recovered archaeal and bacterial monophyly
(see Materials and methods). Prior to manual curation, non-ribosomal markers had a greater
number of HGTs (horizontal gene transfer) and cases of mixed paralogy. In particular, for the
original set of 95 unique COG families (see ‘Phylogenetic analyses’ in Materials and methods),
we rejected 41 families based on the inferred ML trees either due to a large degree of HGT,
paralogous gene families, or LBA (long branch attraction). For the remaining 54 markers, the
ML trees contained evidence of occasional recent HGT events. Strict monophyly was violated
in 69% of the non-ribosomal and 29% of the ribosomal families. We manually removed the
individual sequences that violated domain monophyly before realignment, trimming, and
subsequent tree inference (see Materials and methods). These results imply that manual
curation of marker genes is important for deep phylogenetic analyses, particularly when
using non-ribosomal markers. Comparison of within-domain split scores for these 54 markers
(Supplementary file 4) indicated that markers that better resolved established relationships
within each domain also supported a longer AB branch length (Fig. 2A). Further, the AB branch
length inferred from a concatenation of the 54 marker genes increased moderately following
pruning of recent HGTs, from 1.734 substitutions/site (non-pruned) to 1.945 substitutions/site
after manual pruning, consistent with the hypothesis that non-modeled inter-domain HGTs
reduce the overall estimate of AB branch length when included in concatenations.
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Fig. 2| Therelationship between marker gene verticality, Archaea-Bacteria (AB) branch length, and
functional category. (A) Vertically evolving phylogenetic markers have longer AB branches. The plot shows
the relationship between a proxy for marker gene verticality, within-domain split score (a lower split score
denotes better recovery of established within-domain relationships, see Materials and methods), and AB
branch length (in expected number of substitutions/site) for the 54 marker genes. Marker genes with higher
split scores (that split established monophyletic groups into multiple subclades) have shorter AB branch
lengths (p=0.0311, R=0.294). Split scores of ribosomal and non-ribosomal markers were statistically
indistinguishable (p=0.828, Fig. 2—figure supplement 1). (B) Among vertically evolving marker genes,
ribosomal genes do not have a longer AB branch length. The plot shows functional classification of markers
against AB branch length using 54 vertically evolving markers. We did not obtain a significant difference
between AB branch lengths for ribosomal and non-ribosomal genes (p=0.6191, Wilcoxon rank-sum test).

Fig. supplement 1. Among vertically evolving marker genes, the split scores of ribosomal and non-
ribosomal proteins are statistically indistinguishable.
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DISTRIBUTIONS OF AB BRANCH LENGTHS FOR RIBOSOMAL AND NON-
RIBOSOMAL MARKER GENES ARE SIMILAR

Traditional universal marker sets include many ribosomal proteins (1-4, 10, 47). If ribosomal
proteins experienced accelerated evolution during the divergence of Archaea and Bacteria, this
might lead to the inference of an artifactually long AB branch length (6, 24). To investigate this,
we plotted the inter-domain branch lengths for the 38 and 16 ribosomal and non-ribosomal
genes, respectively, comprising the 54 marker genes set. We found no evidence that there was
alonger AB branch associated with ribosomal markers than for other vertically evolving ‘core’
genes (Fig. 2B; mean AB branch length for ribosomal proteins 1.35 substitutions/site, mean
for non-ribosomal 2.25 substitutions/site). To investigate further, we compared AB branch
lengths inferred from concatenates of the ribosomal and non-ribosomal subsets of the 54
ancient, vertically evolving genes (Table 1). AB branch lengths from the ribosomal and non-
ribosomal concatenates were similar overall, with some support for a longer AB branch length
from vertically evolving non-ribosomal genes. Thus, these data do not support an accelerated
evolutionary rate for ribosomal genes compared to other kinds of genes on the AB branch.

AB branch length asa
proportion of total tree

AB branch length Total tree length length
Non- Non- Non-
Ribosomal ribosomal Ribosomal ribosomal Ribosomal ribosomal
27 markerset 1.9541 3.7723 250.7255 239.8203 0.0078 0.0157
54 marker set  1.8647 2.5414 271.3327 288.8470 0.0069 0.0088

Table 1

Archaea-Bacteria (AB) branch lengths and AB branch lengths as a proportion of total tree
length inferred from ribosomal and non-ribosomal concatenates are similar.

The data do not support a faster evolutionary rate for ribosomal proteins on the AB branch
compared to other kinds of ancient proteins.

SUBSTITUTIONAL SATURATION AND POOR MODEL FIT CONTRIBUTE TO

UNDERESTIMATION OF AB BRANCH LENGTH

Forthe 27 most vertically evolving genes as ranked by within-domain split score, we performed
an additional round of single-gene tree inference and manual review to identify and remove
the remaining sequences that had evidence of HGT or represented distant paralogs. The
resulting single-gene trees are provided in the Data Supplement (https://doi.org/10.6084/
m9.figshare.13395470). To evaluate the relationship between site evolutionary rate and AB
branch length, we created two concatenations: fastest sites (comprising sites with the highest
probability of being in the fastest gamma rate category; 868 sites) and slowest sites (sites
with the highest probability of being in the slowest gamma rate category, 1604 sites) and
compared relative branch lengths inferred from the entire concatenate using IQ-TREE 2 to
infer site-specific rates (Fig. 3).
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Fig. 3| Slow- and fast-evolving sites support different shapes for the universal tree. (A) Tree of Archaea
(blue) and Bacteria (red) inferred from a concatenation of 27 core genes using the best-fitting model (LG + C60
+G4+F). (B) Tree inferred from the fastest-evolving sites. (C) Tree inferred from the slowest-evolving sites.
To facilitate comparison of relative diversity, scale bars are provided separately for each panel; for a version
of this figure with a common scale bar for all three panels, see Fig. 3—figure supplement 1. Slow-evolving
sites support a relatively long inter-domain branch and less diversity within the domains (i.e., shorter
between-taxa branch lengths within domains). This suggests that substitution saturation (overwriting
of earlier changes) may reduce the relative length of the AB branch at fast-evolving sites and genes.

Fig. supplement 1. Slow- and fast-evolving sites support different shapes for the universal tree.

Fig. supplement 2. Vertically evolving genes and slow-evolving sites support a longer relative Archaea-
Bacteria (AB) branch length.

Fig. supplement 3. The effect of modeling site compositional heterogeneity on Archaea-Bacteria (AB)
branch length.
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Notably, the proportion of inferred substitutions that occur along the AB branch differs
between the slow-evolving and fast-evolving sites. As would be expected, the total tree length
measured in substitutions per site is shorter from the slow-evolving sites, but the relative AB
branch length is longer (1.2 substitutions/site, or ~2% of all inferred substitutions, compared
to 2.6 substitutions/site, or ~0.04% of all inferred substitutions for the fastest-evolving sites;
see Fig. 3—figure supplement 1 for absolute tree size comparisons). Since we would not expect
the distribution of substitutions over the tree to differ between slow-evolving and fast-evolving
sites, this result suggests that some ancient changes along the AB branch at fast-evolving
sites have been overwritten by more recent events in evolution - that is, that substitutional
saturation leads to an underestimate of the AB branch length (this is the case for both the
expanded marker set and the 27 marker set; Fig. 3—figure supplement 2).

Another factor that has been shown to lead to underestimation of genetic distance on deep
branches is a failure to adequately model the site-specific features of sequence evolution
(10, 24,31, 48, 49). Amino acid preferences vary across the sites of a sequence alignment due
to variation in the underlying functional constraints (31-33). The consequence is that, at
many alignment sites, only a subset of the 20 possible amino acids are tolerated by selection.
Standard substitution models such as LG + G4 + F are site-homogeneous and approximate
the composition of all sites using the average composition across the entire alignment. Such
models underestimate the rate of evolution at highly constrained sites because they do not
account for the high number of multiple substitutions that occur at such sites. The effect is that
site-homogeneous models underestimate branch lengths when fit to site-heterogeneous data.
Site-heterogeneous models have been developed that account for site-specific amino acid
preferences, and these generally show improved fit to real protein sequence data (reviewed
in ref. (34)). To evaluate the impact of substitution models on estimates of AB branch length, we
assessed the fit of a range of models to the full concatenation using the Bayesian information
criterion (BIC) in IQ-TREE 2. The AB branch length inferred under the best-fit model, the site-
heterogeneous LG + C60 + G4 + F model, was 2.52 substitutions/site, ~1.7-fold greater than the
branch length inferred from the site-homogeneous LG + G4 + F model (1.45 substitutions/site).
Thus, substitution model fit has a major effect on the estimated length of the AB branch, with
better-fitting models supporting a longer branch length (Table 2). The same trends are evident
when better-fitting site-heterogeneous models are used to analyze the expanded marker set:
considering only the top 5% of genes by ALL score, the AB branch lengthis 1.2 under LG + G4 +
F, butincreasesto 2.4 under the best-fitting LG + C60 + G4 + F model (Fig. 3—figure supplement
3). These results are consistent with Zhu et al., 2019 (24), who also noted that AB branch length
increases as model fit improves for the expanded marker dataset.

Overall, these results indicate that difficulties with modeling sequence evolution, either
due to substitutional saturation or failure to model variation in site compositions, lead to an
underestimation of the AB branch length, both in published analyses and for the analyses of
the new dataset presented here. As substitution models improve, we would therefore expect
estimates of the AB branch length to increase further.
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Substitution model BIC (ABIC) AB branch length
LG+G4+F 5935950.053 1.4491
LG+C20+G4+F (152046.1) 2.1394
LG+C40+G4+F (179126.7) 2.4697
LG+C60+G4+F (189063.8) 2.5178

Table 2

The inferred Archaea-Bacteria (AB) branch length from a concatenation of the top 27 markers
using a simple model compared to models that account for site compositional heterogeneity.
Models that account for across-site compositional heterogeneity fit the data better (as assessed by
lower Bayesian information criterion [BIC] scores) and infer a longer AB branch length.

A PHYLOGENY OF ARCHAEA AND BACTERIA INFERRED FROM 27
VERTICALLY EVOLVING MARKER GENES

The phylogeny of the primary domains of life inferred from the 27 most vertically evolving
genes as inferred based on our ranking of markers and using the best-fitting LG + C60 + G4
+ F model (Fig. 4) is consistent with recent single-domain trees inferred for Archaea and
Bacteria independently (40, 44, 50), although the deep relationships within Bacteria are poorly
resolved, with the exception of the monophyly of Gracilicutes (Fig. 4). Our results are also in
good agreement with a recent estimate of the universal tree based on a different marker gene
selection approach (51). In that study, marker genes were selected based on Tree Certainty, a
metric that quantifies phylogenetic signal based on the extent to which markers distinguish
between different resolutions of conflicting relationships (52).
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Fig. 4 | A phylogeny of Archaea and Bacteria inferred from a concatenation of 27 marker genes.
Consistent with some recent studies (8, 44, 50, 53), we recovered the DPANN, TACK, and Asgard Archaea
as monophyletic groups. Although the deep branches within Bacteria are poorly resolved, we recovered
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a sister group relationship between candidate phyla radiation (CPR) and Chloroflexota, consistent with
recent reports (40, 54). The tree was inferred using the best-fitting LG + C60 + G4 + F model in IQ-TREE 2
(43). Branch lengths are proportional to the expected number of substitutions per site. Support values
are ultrafast (UFBoot2) bootstraps (55). Numbers in parenthesis refer to the number of taxa within each
collapsed clade. Please note that the collapsed taxa in the Archaea and Bacteria roughly correspond to
order- and phylum-level lineages, respectively.

Fig. supplement 1. Raw count and percentage distribution of the Genome Taxonomy Database (GTDB)-
defined classes of 350 archaea and 350 bacteria used in the 27 marker gene set analysis.

Fig. supplement 2. Raw count and percentage distribution of the Genome Taxonomy Database (GTDB)-
defined phyla of 350 archaea and 350 bacteria used in the 27 marker gene set analysis.

Fig. supplement3.Aphylogeny of Archaea and Bacteriainferred from a concatenation of 25 marker genes.

In particular, our analysis placed the candidate phyla radiation (CPR) (56) as a sister lineage to
Chloroflexi (Chloroflexota) rather than as a deep-branching bacterial superphylum. While this
contrasts with initial trees suggesting that CPR may represent an early diverging sister lineage
of all other Bacteria (4, 38, 56), our finding is consistent with recent analyses that have instead
recovered CPR within the Terrabacteria (40, 51, 54). Together, these analyses suggest that the
deep-branching position of CPR in some trees may be a result of long branch attraction, a
possibility that has been raised previously (4, 57).

The deep branches of the archaeal subtree are generally well-resolved and recover DPANN
(51% bootstrap support), Asgards (100% bootstrap support), and TACK Archaea (75% bootstrap
support) as monophyletic clades in agreement with a range of previous studies (8, 44, 50, 53).
We also find support for the placement of Methanonatronarchaeia (58) distant to Halobacteria
as one of the earliest branches of the Methanotecta (Fig. 4, Fig. 4—figure supplement 3) in
agreement with recent analyses, suggesting that their initial placement with Halobacteria
(58) may be an artifact of compositional attraction (44, 59-61).

We obtained moderate (92%) bootstrap support for the branching of some Euryarchaeota
with the TACK + Asgard clade: the Hadesarchaea + Persephonarchaea were resolved as the
sister group to TACK + Asgards with moderate (92%) support, with this entire lineage branching
sister to a strongly supported (100%) clade comprising Theionarchaea, Methanofastidiosa,
and Thermococcales. However, the position of these lineages was sensitive to the marker
gene set used. As part of a robustness test, we also inferred an additional tree from a 25-gene
subset, excluding two genes that have complex evolutionary histories in Archaea (62); Fig.
4—figure supplement 3). In this analysis, these Archaea instead branched with Methanomada
with high support (98%), highlighting the difficulty of placing these lineages in the archaeal
tree. Euryarchaeotal paraphyly has been previously reported (8, 50, 63, 64), though the extent
of the observed paraphyly and the lineages involved has varied among analyses.

Abasal placement of DPANN within Archaea is sometimes viewed with suspicion (65) because
DPANN genomes are reduced and appear to be fast-evolving, properties that may cause LBA
artifacts (66) when analyses include Bacteria. However, in contrast to CPR, with which DPANN
share certain ecological and genomic similarities (e.g., host dependency, small genomes,
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limited metabolic potential), the early divergence of DPANN from the archaeal branch has
received support from a number of recent studies (44, 50, 64, 67-70), though the inclusion of
certain lineages within this radiation remains controversial (60, 65) and the placement of the
root is uncertain (44, 64). While more in-depth analyses will be needed to further illuminate the
evolutionary history of DPANN and establish whether the group as a whole is monophyletic,
ourwork isin agreement with current literature and a recently established phylogeny-informed
archaeal taxonomy (69).

A broader observation from our analysis is that the phylogenetic diversity of the archaeal
and bacterial domains, measured as substitutions per site in this consensus set of vertically
evolving marker genes, appears to be similar (Fig. 3A; the mean root-to-tip distance for
archaea: 2.38, for bacteria: 2.41; the range of root-to-tip distances for archaea: 1.79-3.01, for
bacteria: 1.70-3.17). Considering only the slowest-evolving category of sites, branch lengths
within Archaea are actually longer than within Bacteria (Fig. 3C). This result differs from some
published trees (4, 24) in which the phylogenetic diversity of Bacteria has appeared to be
significantly greater than that of Archaea. By contrast to those earlier studies, we analyzed a
set of 350 genomes from each domain, an approach that may tend to reduce the differences
between them. While we had to significantly downsample the sequenced diversity of Bacteria,
our sampling nonetheless included representatives from all known major lineages of both
domains (Fig. 4—figure supplements 1 and 2, see Fig. 1—figure supplements 14-16 for a
comparison with the expanded marker set), and so might be expected to recover a difference
in diversity, if present. Our analyses and a number of previous studies (4, 6, 24, 71) indicate that
the choice of marker genes has a profound impact on the apparent phylogenetic diversity of
certain prokaryotic groups; for instance, in the proportion of bacterial diversity composed of
CPR (4, 72). Our results demonstrate that slow- and fast-evolving sites from the same set of
marker genes support different tree shapes and branch lengths; it therefore seems possible
that between-dataset differences are due, at least in part, to evolutionary rate variation within
and between marker genes.

DIFFICULTIES IN ESTIMATING THE AGE OF THE LAST UNIVERSAL
COMMON ANCESTOR

While a consensus may be emerging on the topology of the universal tree, estimates of the ages
of the deepest branches, and their lengths in geological time, remain highly uncertain. The fossil
record of early life is incomplete and difficult to interpret (73), and in this context molecular
clock methods provide a means of combining the abundant genetic data available for modern
organisms with the limited fossil record to improve our understanding of early evolution (20).
The 381-gene dataset was suggested to be (24) useful for inferring deep divergence times
because age estimates of LUCA (last universal common ancestor) from this dataset using
a strict molecular clock were in agreement with the geological record: a root (LUCA) age of
3.6-4.2 Ga was inferred from the entire 381-gene dataset, consistent with the earliest fossil
evidence for life (19, 20). By contrast, analysis of ribosomal markers alone (24) supported a



Chapter 2

root age of ~7 Ga, which might be considered implausible because it is older than the age of the
Earth and Solar System (with the moon-forming impact occurring ~4.52 Ga; ref. (74); ref. (75)).

The published molecular clock analyses (24) made use of concatenation-based branch lengths
in which topological disagreement among sites is not modeled and are likely to be affected
by the impact of nonvertical marker genes and substitutional saturation on branch length
estimation discussed above. Consistent with this hypothesis, divergence time inference using
the same method on the 5% most-vertical subset of the expanded marker set (as determined
by ALL; this set of 20 genes includes only one ribosomal protein, see Supplementary file
5a) resulted in age estimates for LUCA that exceed the age of the Earth, 5.6-6.15 Ga (Fig. 5),
approaching the age inferred from the ribosomal genes (7.46-8.03 Ga). These results (Fig.
5) suggest that the apparent agreement between the fossil record and divergence times
estimated from the expanded gene set may be due, at least in part, to the shortening of the
AB branch due to phylogenetic incongruence among marker genes.
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Fig. 5 | Molecular clock estimates of the LUCA and LACA age are uncertain due to a lack of deep
calibrations and maximum ages for microbial clades.(A) Posterior node age estimates from Bayesian
molecular clock analyses of (1) conserved sites as estimated previously (24); (2) random sites (24); (3)
ribosomal genes (24); (4) the top 5% of marker gene families according to their ALL score (including only
one ribosomal protein); and (5) the same top 5% of marker genes trimmed using BMGE (76) to remove
poorly aligned sites. In each case, a strict molecular clock was applied, with the age of the Cyanobacteria-
Melainabacteria split constrained between 2.5 and 2.6 Ga. In (6) all annotations for the top 20 genes and
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(7) an expanded set of fossil calibrations was implemented with a relaxed (lognormal) molecular clock.
In (6), a soft maximum age of 4.520 Ga was applied, representing the age of the moon-forming impact
(77).In (7), a soft maximum age corresponding to the estimated age of the universe (78) was applied. (B)
Inferred rates of molecular evolution along the phylogeny in a relaxed clock analysis where the maximum
age was set to 4.520 Ga. We plotted per-branch rates (site™ Ga™) against distance to the root. The rate
of evolution along the archaea stem lineage was a clear outlier (mean=2.51, 95% HPD = 1.6-3.5subs.
site™ Ga™). The phylogeny used was that depicted in Fig. 4.

In the original analyses, the age of LUCA was estimated using a strict clock with a single
calibration constraining the split between Cyanobacteria and Melainabacteria derived from
estimates of the Great Oxidation Event and a secondary estimate of the age of cyanobacteria
derived from an independent analysis (79). The combination of a strict clock and only two
calibrations is not sufficient to capture the variation in evolutionary rate over deep timescales
(80). To investigate whether additional calibrations might help to improve age estimates for
deep nodes in the universal tree, we performed analyses on our new 27 marker gene dataset
using two different relaxed clock models (with branchwise independent and autocorrelated
rates) and seven additional calibrations (Supplementary file 5b). Unfortunately, all of these
were minimum age calibrations with the exception of the root (for which the moon-forming
impact 4.52 Ga (77)) provides a reasonable maximum) due to the difficulty of establishing
uncontroversial maximum ages for microbial clades. Maximum age constraints are essential
to inform faster rates of evolution because, in combination with more abundant minimum
age constraints, they imply that a given number of substitutions must have accumulated in
at most a certain interval of time. In the absence of other maximum age constraints, the only
lower bound on the rate of molecular evolution is provided by the maximum age constraint
on the root (LUCA).

These new analyses indicated that even with additional minimum age calibrations the age of
LUCA inferred from the 27-gene dataset was unrealistically old, falling close to the maximum
age constraintin all analyses even when the maximum was set to the age of the known universe
(13.7 Ga; ref. (78); Fig. 5). Inspection of the inferred rates of molecular evolution across the
tree (Fig. 5B) provides some insight into these results: the mean rate is low (mean =0.21,
95% credibility interval =0.19-0.22 subs. site Ga™), so that long branches (such as the AB
stem), in the absence of other information, are interpreted as evidence of a long period of
geological time. These low rates likely result both from the limited number of calibrations
and, in particular, the lack of maximum age constraints.

An interesting outlier among inferred rates is the LUCA to LACA (last archaeal common
ancestor) branch, which has a rate 10-fold greater than the average (mean =2.51, 95%
HPD (highest posterior density) = 1.6-3.5 subs. site Ga™). The reason is that calibrations
within Bacteria imply that LBCA (last bacterial common ancestor) cannot be younger than
3.225 Ga (Manzimnyama Banded Ironstone Formation provides evidence of cyanobacterial
oxygenation; ref. (81), Supplementary file 5b); as a result, with a 4.52 Ga maximum, the LUCA to
LBCA branch cannot be longer than 1.295 Ga. By contrast, the early branches of the archaeal
tree are poorly constrained by fossil evidence. Analysis without the 3.225 Ga constraint resulted
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in overlapping age estimates for LBCA (4.47-3.53 Ga) and LACA (4.37-3.44 Ga). Finally, analysis
of the archaeal and bacterial subtrees independently (i.e., without the AB branch, rooted on
LACA and LBCA, respectively) resulted in LBCA and LACA ages that abut the maximum root
age (LBCA: 4.52-4.38 Ga; LACA: 4.52-4.14 Ga). This analysis demonstrates that, under these
analysis conditions, the inferred age of the root (whether corresponding to LUCA, LACA, or
LBCA) is strongly influenced by the prior assumptions about the maximum age of the root.

In sum, the agreement between fossils and age estimates from the expanded gene set appears
to result from the impact of phylogenetic incongruence on branch length estimates. Under
more flexible modeling assumptions, the limitations of current clock methods for estimating
the age of LUCA become manifest: the sequence data only contain limited information about the
age of the root, with posterior estimates driven by the prior assumptions about the maximum
age of the root. This analysis implies several possible ways to improve age estimates of deep
branches in future analyses. More calibrations, particularly maximum age constraints and
calibrations within Archaea, are essential to refine the current estimates. Given the difficulties
in establishing maximum ages for archaeal and bacterial clades, constraints from other sources
such as donor-recipient age constraints inferred from HGTs (82-85), or clock models that
capture biological opinion about rate shifts in early evolution, may be particularly valuable.

CONCLUSION

Our analysis of a range of published marker gene datasets (6, 10, 24, 27) indicates that the
choice of markers and the fit of the substitution model are both important for inference of deep
phylogeny from concatenations, in agreement with an existing body of literature (reviewed
in refs. (34, 86, 87)). We established a set of 27 vertically evolving marker gene families and
found no evidence that ribosomal genes overestimate stem length; since they appear to be
transferred less frequently than other genes, our analysis affirms that ribosomal proteins
are useful markers for deep phylogeny. In general, high-verticality markers, regardless of
functional category, supported a longer AB branch length. Furthermore, our phylogeny was
consistent with recent work on early prokaryotic evolution, resolving the major clades within
Archaea and nesting the CPR within Terrabacteria. Notably, our analyses suggested that
both the true AB branch length (Fig. 6A) and the phylogenetic diversity of Archaea may be
underestimated by even the best current models, a finding that is consistent with a root for
the tree of life between the two prokaryotic domains. Taken together with fossil evidence for
crown-group Bacteria ~3.2 Ga (20), the long AB branch length inferred from vertically evolving
genes is consistent with the hypothesis that rates of molecular evolution may have been higher
early in life’s history than more recently (88), although the inferred rates are uncertain and
contingent on limited fossil evidence and the assumptions of the molecular clock model.
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Fig. 6 | The impact of marker gene choice, phylogenetic congruence, alignment trimming, and
substitution model fit on estimates of the Archaea-Bacteria (AB) branch length. (A) Analysis using
asite-homogeneous model (LG + G4 +F) on the complete 381-gene expanded set (i) resultsin an AB branch
substantially shorter than previous estimates. Removing the genes most seriously affected by inter-
domain gene transfer (ii), trimming poorly aligned sites (iii) using BMGE (76) in the original alignments
(see below), and using the best-fitting site-heterogeneous model (iv) (LG + C60 + G4 + F) substantially
increase the estimated AB length, such that itis comparable with published estimates from the ‘core’ set:
3.3(10) and the consensus set of 27 markers identified in the present study: 2.5. Branch lengths measured
in expected number of substitutions/site. (B) Workflow for iterative manual curation of marker gene
families for concatenation analysis. After inference and inspection of initial ortholog trees, several rounds
of manualinspection and removal of HGTs and distant paralogs were carried out. These sequences were
removed from the initial set of orthologs before alignment and trimming. For a detailed discussion of
some of these issues, and practical guidelines on phylogenomic analysis of multi-gene datasets, see ref.
(87) for a useful review.

Phylogenies inferred from ‘core’ genes involved in translation and other conserved cellular
processes have provided one of the few available windows into the earliest period of archaeal
and bacterial evolution. However, core genes comprise only a small proportion of prokaryotic
genomes and have sometimes been viewed as outliers (24) in the sense that they are unusually
vertical among prokaryotic gene families. This means that they are among the few prokaryotic
gene families amenable to concatenation methods, which are useful for pooling signal from
individual weakly resolved gene trees but which make the assumption that all sites evolve on
the same underlying tree. If other gene families are included in concatenations, the results
can be difficult to predict because differences in topology across sites are not modeled.
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Our analyses of the 381-gene expanded set suggest that this incongruence can lead to
underestimation of the evolutionary distance between Archaea and Bacteria, in the sense of
the branch length separating the archaeal and bacterial domains. We note that alternative
conceptions of evolutionary distance are possible; for example, in a phenetic sense of overall
genome similarity, extensive HGT will increase the evolutionary proximity (24) of the domains
so that Archaea and Bacteria may become intermixed at the single-gene level. While such
data can encode an important evolutionary signal, it is not amenable to concatenation
analysis. At the same time, it is clearly unsatisfactory to base our view of early evolution on
a relatively small set of genes that appear to experience selective pressures rather distinct
from the forces at play more broadly in prokaryotic genome evolution. These limitations are
particularly unfortunate given the wealth of genome data now available to test hypotheses
about early evolution. Exploring the evolutionary signal in more of the genome than hitherto
is clearly a worthwhile endeavor. New methods, including more realistic models of gene
duplication, transfer and loss (89, 90), and extensions to supertree methods to model paralogy
(91) and gene transfer, promise to enable genome-wide inference of prokaryotic history and
evolutionary processes using methods that can account for the varying evolutionary histories
of individual gene families.

MATERIALS AND METHODS

DATA

We downloaded the individual alignments from Zhu et al., 2019 (24) (https://github.com/
biocore/wol/tree/master/data/, Zhu, 2022 (92)), along with the genome metadata and the
individual Newick files. We checked each published tree for domain monophyly and also
performed AU (39) tests to assess support for domain monophyly on the underlying sequence
alignments using IQ-TREE 2.0.6 (43). The phylogenetic analyses were carried out using the
‘reduced’ subset of 1000 taxa outlined by the authors (24) for computational tractability. These
markers were trimmed according to the protocol in the original paper (24), that is, sites with
>90% gaps were removed, followed by removal of sequences with >66% gaps.

We also downloaded the Williams et al., 2020 (10) (‘core’), Petitjean et al., 2014 (6) (‘non-
ribosomal’), and Coleman et al., 2021 (40) (‘bacterial’) datasets from their original publications.

ANNOTATIONS

Proteins used for phylogenetic analyses by Zhu et al., 2019 (24) were annotated to
investigate the selection of sequences comprising each of the marker gene families. To this
end, we downloaded the protein sequences provided by the authors from the following
repository: https://github.com/biocore/wol/tree/master/data/alignments/genes. To obtain
reliable annotations, we analyzed all sequences per gene family using several published
databases, including the arCOGs (version from 2014) (93), KOs from the KEGG Automatic
Annotation Server (KAAS; downloaded April 2019) (94), the PFAM database (release 31.0)
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(95), the TIGRFAM database (release 15.0) (96), the Carbohydrate-Active enZymes (CAZy)
database (downloaded from dbCAN2 in September 2019) (97), the MEROPs database (release
12.0) (98, 99), the hydrogenase database (HydDB; downloaded in November 2018) (100), the
NCBI_ non-redundant (nr) database (downloaded in November 2018), and the NCBI COGs
database (version from 2020). Additionally, all proteins were scanned for protein domains
using InterProScan (v5.29-68.0; settings: --iprlookup --goterms) (101).

Individual database searches were conducted as follows: arCOGs were assigned using PSI-
BLAST v2.7.1+ (settings: -evalue le-4 -show_gis -outfmt 6 -max_target_seqs 1000 -dbsize
100000000 -comp_based_stats F -seg no) (102). KOs (settings: -E 1e-5), PFAMs (settings: -E
1e-10), TIGRFAMs (settings: -E 1e-20), and CAZymes (settings: -E 1e-20) were identified in
all archaeal genomes using hmmsearch v3.1b2 (103). The MEROPs and HydDB databases
were searched using BLASTp v2.7.1 (settings: -outfmt 6, -evalue 1e-20). Protein sequences
were searched against the NCBI_nr database using DIAMOND v0.9.22.123 (settings: -more-
sensitive —e-value le-5-seq 100 -no-self-hits -taxonmap prot.accession2taxid.gz) (104). For all
database searches, the best hit for each protein was selected based on the highest e-value and
bitscore and all results are summarized in Supplementary file 1 and full results are given in the
Data Supplement Expanded_Bacterial_Core_Nonribosomal_analyses/Annotation_Tables/0_
Annotation_tables_full/All_Zhu_marker_annotations_16-12-2020.tsv.zip. For InterProScan,
we report multiple hits corresponding to the individual domains of a protein using a custom
script (parse_IPRdomains_vs2_GO_2.py).

Assigned sequence annotations were summarized, and all distinct KOs and PFAMs were collected
and counted for each marker gene. KOs and PFAMs with their corresponding descriptions were
mapped to the marker gene file downloaded from the repository here: (https://github.com/
biocore/wol/blob/master/data/markers/metadata.xlsx) and used in summarization of the 381
marker gene protein trees (Supplementary file 1).

For manual inspection of single marker gene trees, KO and PFAM annotations were mapped
to the tips of the published marker protein trees, downloaded from the repository here:
(https://github.com/biocore/wol/tree/master/data/trees/genes). Briefly, the Genome ID,
PFAM, PFAM description, KO, KO description, and NCBI Taxonomy string were collected
from each marker gene annotation table and were used to generate mapping files unique
to each marker gene phylogeny, which links the Genome ID to the annotation information
(GenomelD|Domain|Pfam|Pfam Description|KO|KO Description). An in-house Perl script
replace_tree_names.pl (available here: https://github.com/ndombrowski/Phylogeny_tutorial/
tree/main/Input_files/5_required_scripts; Dombrowski, 2022 (105) copy archived at: https://
archive.softwareheritage.org/browse/directory/519c8e6f6a054ed312f0cla31le6fda46le-
c189f/?0origin_url=https://github.com/ndombrowski/Phylogeny_tutorial&revision=59ce418e-
€42160a15€82610120220b611b6e96db&snapshot=48497545c¢8d19a8288cle02a21ea284b-
b4ael671) was used to append the summarized protein annotations to the corresponding
tips in each marker gene tree. Annotated marker gene phylogenies were manually inspected
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using the following criteria, including (1) retention of reciprocal domain monophyly (Archaea
and Bacteria) and (2) for the presence or absence of potential paralogous families. Paralogous
groups and misannotated families present in the gene trees were highlighted and violations
of search criteria were recorded in Supplementary file 1.

PHYLOGENETIC ANALYSES

COG assignment for the core, non-ribosomal, and bacterial marker genes

First, all gene sequencesin the three published marker sets (core, non-ribosomal, and bacterial)
were annotated using the NCBI COGs database (version from 2020). Sequences were assigned
a COG family using hmmsearch v3.3.2 (103) (settings: -E 1e-5) and the best hit for each protein
sequence was selected based on the highest e-value and bit score. To assign the appropriate
COG family for each marker gene, we quantified the percentage distribution of all unique COGs
per gene and selected the family representing the majority of sequences in each marker gene.

Accounting for overlap, this resulted in 95 unique COG families from the original 119 total
marker genes across all three published datasets (Supplementary file 2). Orthologs
corresponding to these 95 COG families were identified in the 700 genomes (350 Archaea,
350 Bacteria, Supplementary file 3) using hmmsearch v3.3.2 (settings: -E 1e-5). The reported
BinID and protein accession were used to extract the sequences from the 700 genomes, which
were used for subsequent phylogenetic analyses.

Marker gene inspection and analysis

We aligned these 95 marker gene sequence sets using MAFFT-L-INS-i 7.475 (106) and removed
poorly aligned positions with BMGE 1.12 (76). We inferred initial ML trees (LG + G4 + F) for all 95
markers and mapped the KO and PFAM domains and descriptions, inferred from annotation
of the 700 genomes, to the corresponding tips (see above). Manual inspection took into
consideration monophyly of Archaea and Bacteria and the presence of paralogs, and other
signs of contamination (HGT, LBA). Accordingly, single-gene trees that failed to meet reciprocal
domain monophyly were excluded, and any instances of HGT, paralogous sequences, and LBA
artifacts were manually removed from the remaining trees, resulting in 54 markers across the
three published datasets that were subject to subsequent phylogenetic analysis (LG + C20 +
G4+ F) and further refinement (see below).

Ranking markers based on split score

We applied an automated marker gene ranking procedure devised previously (the split
score, Dombrowski et al., 2020 (44)) to rank each of the 54 markers that satisfied reciprocal
monophyly based on the extent to which they recovered established phylum-, class-, or order-
level relationships within the archaeal and bacterial domains (Supplementary file 4).

The script quantifies the number of splits, or occurrences where a taxon fails to cluster
within its expected taxonomic lineage, across all gene phylogenies. Briefly, we assessed
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monophyletic clustering using phylum-, class-, and order-level clades within Archaea (Clusterl)
in combination with Cluster0 (phylum) or Cluster3 (i.e., on class-level if defined and otherwise
on phylum-level; Supplementary file 4) for Bacteria. We then ranked the marker genes using
the following split score criteria: the number of splits per taxon and the splits normalized to
the species count. The percentage of split phylogenetic groups was used to determine the
highest ranking (top 50%) markers.

Concatenation

Based on the split score ranking of the 54 marker genes (above), the top 50% (27
markers, Supplementary file 4) marker genes were manually inspected using criteria as defined
above, and contaminating sequences were manually removed from the individual sequence
files. Following inspection, marker protein sequences were aligned using MAFFT-L-INS-i 7.475
(107) and trimmed using BMGE (version 1.12, under default settings) (76). We concatenated
the 27 markers into a supermatrix, which was used to infer an ML tree (Fig. 4, under LG +
C60 + G4 + F), evolutionary rates (see below), and rate category supermatrices, as well as to
perform model performance tests (see below). We also concatenated the non-ribosomal and
ribosomal markers from the 27 and 54 marker sets into four more supermatrices and inferred
ML trees under (LG + C60 + G4 + F) (Table 1). Two additional supermatrices were constructed
from the 54 markers, one before manual removal of apparent HGTs and one after the removal,
with both sets of markers aligned and trimmed in the same way as the other datasets (see
above). We also inferred an ML tree under LG + C60+ G4 + F from a supermatrix consisting of a
concatenation of 25 marker genes after removing COG0480 and COG525T.

CONSTRAINT ANALYSIS

We performed an ML free topology search using IQ-TREE 2.0.6 (43) under the LG + G4 + F
model, with 1000 ultrafast bootstrap replicates (55) on each of the markers from the expanded,
bacterial, core, and non-ribosomal sets. We also performed a constrained analysis with the
same model in order to find the ML tree in which Archaea and Bacteria were reciprocally
monophyletic. For the expanded set, we plotted branch lengths from the maximum likelihood
trees constrained to recover domain monophyly; for the other datasets, we plotted branch
lengths from the maximum likelihood trees. We then compared both trees using the AU (39) test
in IQ-TREE 2.0.6 (43) with 10,000 RELL (39) bootstrap replicates. To evaluate the relationship
between marker gene verticality and AB branch length, we calculated the difference in log-
likelihood between the constrained and unconstrained trees in order to rank the genes from
the expanded marker set. We then concatenated the top 20 markers (with the lowest difference
in log-likelihood between the constrained and unconstrained trees) and iteratively added
five markers with the next smallest difference in log-likelihood to the concatenate; this was
repeated until we had concatenates up to 100 markers (with the lowest difference in log-
likelihood) we inferred trees under LG + C10 + G4 + F in IQ-TREE 2.0.6, with 1000 ultrafast
bootstrap replicates and calculated AB length.
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SITE AND GENE EVOLUTIONARY RATES

We inferred rates using the --rate option in IQ-TREE 2.0.6 (43) for both the 381 marker
concatenation from Zhu et al., 2019 (24) and the top 5% of marker genes based on the results of
differencein log-likelihood between the constrained tree and free-tree search in the constraint
analysis (above). We also used this method to explore the differences in rates for the 27 marker
set. We built concatenates for sites in the slowest and fastest rate categories, and inferred
branch lengths from each of these concatenates using the tree inferred from the corresponding
dataset as a fixed topology.

SUBSTITUTION MODEL FIT

Model fit tests were undertaken using the top 5% concatenate described above, with the
alignment being trimmed with BMGE 1.12 (76) with default settings (BLOSUM62, entropy 0.5)
for all of the analyses except the ‘untrimmed’ LG + G4 + F run; other models on the trimmed
alignmentwere LG+ G4 +F, LG + R4 + Fand LG + C10,20,30,40,50,60 + G4 + F, with 1000 ultrafast
(55) bootstrap replicates. Model fitting was done using ModelFinder (108) in IQ-TREE 2.0.6 (43).
For the 27 marker concatenation, we performed a model finder analysis (-m MFP) including
additional complex models of evolution (i.e., LG + C60 + G4 + F, LG + C50 + G4 + F, LG + C40
+G4+FLG+C30+G4+F,LG+C20+ G4 +F,LG+C10+G4+F, LG+ G4 +F, LG+ R4+ F) to the
default, to find the best-fitting model for the analysis. This revealed that, according to AIC
(Akaike information criterion), BIC (Bayesian information criterion), and cAIC (corrected Akaike
information criterion), LG + C60 + G4 + F was the best-fitting model. For comparison, we also
performed analyses using the following models: LG + G4 + F, LG + C20 + G4 + F, LG + C40 + G4
+F (Table 1).

MOLECULAR CLOCK ANALYSES

Molecular clock analyses were devised to test the effect of genetic distance on the inferred age
of LUCA. Following the approach of Zhu et al., 2019 (24), we subsampled the alignment to 100
species. Five alternative alignments were analyzed, representing conserved sites across the
entire alignment, randomly selected sites across the entire alignment, only ribosomal marker
genes, the top 5% of marker genes according to ALL, and the top 5% of marker genes further
trimmed under default settings in BMGE 1.12 (76). Divergence time analyses were performed
in MCMCTree (109) under a strict clock model. We used the normal approximation approach,
with branch lengths estimated in codemlunder the LG + G4 model. In each case, a fixed tree
topology was used alongside a single calibration on the Cyanobacteria-Melainabacteria split.
The calibration was modeled as a uniform prior distribution between 2.5 and 2.6 Ga, with a
2.5% probability that either bound could be exceeded. For each alignment, four independent
MCMC chains were run for 2,000,000 generations to achieve convergence.

We repeated clock analyses under a relaxed (independent rates drawn from a lognormal
distribution) clock model with an expanded sampling of fossil calibration (Supplementary
file 5b). We repeated the analyses with two approaches to define the maximum age calibration.
The first used the moon-forming impact (4.52 Ga) under the provision that no forms of life
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are likely to have survived this event. The second relaxed this assumption, instead using the
estimated age of the universe (13.7 Ga) as a maximum. Analyses were performed as above.

SPLIT SCORE ANALYSIS FOR EXPANDED SET MARKERS

We used the previously described split score ranking procedure to quantify the number of
taxonomic splits in the 381 marker gene phylogenies generated using the 1000-taxa subsample
defined by Zhu et al., 2019 (24). Taxonomic clusters were assigned using the Genome Taxonomy
Database (GTDB) taxonomic ranks downloaded from the repository (https://github.com/
biocore/wol/tree/master/data/taxonomy/gtdb). Lineage-level monophyly was defined at the
classlevelforallarchaea (Arc1) and the phylum level for all bacteria (Bac0) (Supplementary file 1).

Of the original 10,575 genomes, 843 lacked corresponding GTDB assignments. For complete
taxonomic coverage of the dataset, we used the GTDB Toolkit (GTDB-Tk) v0.3.2 (110) to classify
these genomes based on GTDB release 202. One of the 843 unclassified taxa (gid: G000715975)
failed the GTDB-Tk quality control check, resulting in no assignment; therefore, we manually
assigned this taxon to the Actinobacteriota based on the corresponding affiliation to the
Actinobacteria in the NCBI taxonomic ranks provided in the genomic metadata downloaded
from the repository (https://github.com/biocore/wol/tree/master/data/genomes). Additionally,
two archaeal taxa within the Poseidoniia_A (gids: G001629155, G001629165) were manually
assigned to the archaeal class MGII (Supplementary file 1).

PLOTTING
Split score statistical analyses were performed using R 3.6.3 (R Core Team, 2020). All other
statistical analyses were performed using R 4.0.4 (111), and data were plotted with ggplot2 (112).
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Chapter 3

SUMMARY AND CONTRIBUTIONS

The primary goal of this project was to address the evolutionary history of the ATP synthase,
considering the timing of major events in cellular evolution. Timing deep evolutionary events
is challenging, in part due to the paucity of prokaryotic fossils and the difficulty of modeling
rate variation using current molecular clock methods. To overcome this, we added eukaryotes
with available fossil evidence to our phylogenetic analysis, which provide a lens into deep
prokaryotic evolution due to the endosymbioses involved in eukaryogenesis. The phylogenetic
assessment centered on marker genes that are shared between the Archaea, Bacteria,
and eukaryotes. Eukaryotes have inherited up to three distinct sets of ribosomes and ATP
synthases from their prokaryotic ancestors - a nuclear source from their ancestral archaeal
host, a mitochondrial source from the alphaproteobacterial ancestor of the mitochondria, and
a plastid source from the cyanobacterial ancestor of the plastid. The core site of ATP synthesis
in the ATP synthase consists of two components, the so-called catalytic and non-catalytic
subunits, which were derived from an ancient pre-LUCA gene duplication followed by a loss of
function in one subunit. As such, speciation events appear twice in the ATP synthase gene tree.
Therefore, ancient gene duplications (ATP synthase) and endosymbioses (ribosomes and ATP
synthase) result in node equivalency across their respective phylogenies, more specifically,
multiple nodes on the same tree correspond to the same evolutionary event. We used this
principle to develop a cross-bracing approach, where equivalent nodes are “braced” together
to better constrain fossil calibrations that were applied in our molecular dating analysis. Here
we combined cross-bracing with a relative time constraint (1), to propagate eukaryotic fossil
information into poorly modeled regions of the tree of life (TOL), namely the deep prokaryotic
branches.

When we applied this technique to the ATP synthase gene tree, we found that the split between
the catalytic and non-catalytic subunits occurred very early in the evolutionary timeline
between 4.52-4.46 Ga, which predates or at minimum, co-occurred with the last universal
common ancestor (LUCA; 4.52-4.32 Ga) and the last bacterial common ancestor (LBCA, 4.49-
4.05 Ga). The divergence between the F- and A/V-type ATP synthases was also resolved to a
similar period, between 4.52-4.38 Ga in the catalytic clade and 4.52-4.42 Ga in the non-catalytic
clade. Interestingly, the last archaeal common ancestor (LACA) was inferred to 3.95-3.37 Ga,
either implying a sampling bottleneck or suggesting an alternative scenario of ATP synthase
evolution that does not parallel the divergence between the Archaea and Bacteria from LUCA.
In separate analyses we reconciled the catalytic and non-catalytic subunits of both F-and A/V-
type ATP synthases to LUCA, found that bacterial A/V-type ATP synthases are widespread, and
that F-type archaeal ATP synthases are restricted to a select few Methanosarcina. Considering
these data together, we proposed two alternative scenarios for ATP synthase evolution: 1)
that an ancestral F-type-like rudimentary ATP synthase existed in LUCA, evolved along the
branches to LBCA and LACA, with a transfer from LACA to the stem toward LBCA, or 2) both
the F-and A/V-type ATP synthases already existed in LUCA, and evolved along each branch to
LBCA and LACA with a loss of the F-type along the archaeal stem. Either scenario is consistent
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with other evidence indicating that LBCA contains both the F- and A/V-type ATP synthases (see
Chapter 4) and the ubiquity of the A/V-type bacterial complexes across the TOL. Altogether,
results provide greater insight into ATP synthase evolution and a timeline for cellular evolution.

This was a collaborative project that required the integration of expertise in phylogenetics,
phylogenomics, gene tree-species tree reconciliation, molecular dating, and fossil
calibration application, among others. Anja Spang and | conceptualized this project and the
methodological approaches. Briefly, as the first author, I contributed the majority of analyses
toward the completion of this study. | manually curated the taxonomic dataset including 350
Archaea, 350 Bacteria, and 100 Eukaryota. | performed the majority of the phylogenetic and
phylogenomic analyses and spent a considerable amount of time testing methods, including
gene treefiltering, different alignment trimming/filtering procedures, model testing, topology
testing, constraint trees, different taxonomic sets, among others. Reconciliations of the
catalytic and non-catalytic subunits of the F- and A/V-type ATP synthases was performed by
Edmund R.R. Moody while | performed ancestral sequence reconstructions. Software for the
cross-bracing molecular dating procedure was developed and executed by Dominik Schrempf
and Tom A. Williams and | formulated the cross-bracing, fossil calibration, and relative
constraint input files that assigned all nodes (equivalent and relative) to the appropriate
fossil ages with the advice of Philip C.J. Donoghue and David Pisani. All authors contributed
methods or developed scripts for figures and/or computational analysis. | wrote the first draft
and myself, Anja Spang, Tom A. Williams, and Edmund R.R. Moody conducted weekly meetings
to write the final draft of the manuscript.
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ABSTRACT

The timing of early cellular evolution, from the divergence of Archaea and Bacteria to the
origin of eukaryotes, is poorly constrained. The ATP synthase complex is thought to have
originated prior to the Last Universal Common Ancestor (LUCA) and analyses of ATP synthase
genes, together with ribosomes, have played a key role in inferring and rooting the tree of life.
We reconstruct the evolutionary history of ATP synthases using an expanded taxon sampling
set and develop a phylogenetic cross-bracing approach, constraining equivalent speciation
nodes to be contemporaneous, based on the phylogenetic imprint of endosymbioses and
ancient gene duplications. This approach results in a highly resolved, dated species tree
and establishes an absolute timeline for ATP synthase evolution. Our analyses show that the
divergence of ATP synthase into F- and A/V-type lineages was a very early event in cellular
evolution dating back to more than 4 Ga, potentially predating the diversification of Archaea
and Bacteria. Our cross-braced, dated tree of life also provides insight into more recent
evolutionary transitions including eukaryogenesis, showing that the eukaryotic nuclear and
mitochondrial lineages diverged from their closest archaeal (2.67-2.19 Ga) and bacterial (2.58-
2.12 Ga) relatives at approximately the same time, with a slightly longer nuclear stem-lineage.
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INTRODUCTION

The phylogeny and timeline of early cellular evolution, including the age of the last universal
common ancestor (LUCA), the radiations of the archaeal and bacterial domains, and the
origin of eukaryotes and their progenitor prokaryote lineages, is poorly constrained (I).
Recent genomics approaches have greatly improved our sampling of natural diversity and
uncovered previously unknown microbial lineages that are key to understanding early cellular
evolution (2). For instance, the Asgard archaea (3-5) (also referred to as Asgardarchaeota
(6), Supplementary Data 1), include the closest known sister lineage of the Eukaryota (i.e.
eukaryotes) (3, 4, 7, 8) and have provided support for the evolution of the eukaryotic cell
through a symbiosis between at least one asgardarchaeal and one alphaproteobacterial
partner (9-15). The discovery of the symbiotic and genome-reduced members of the bacterial
Candidate Phyla Radiation (CPR) and the DPANN archaea (named after the first member
lineages of this group, the Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeaota,
and Nanohaloarchaeota) (16-18), that were originally interpreted as early diverging branches
on each side of the root of the tree of life (2), might be important for our understanding of
the deep split separating Archaea and Bacteria (19). However, more recent phylogenomic
analyses suggest that CPR are instead sister to Chloroflexota within Terrabacteria (19-23).
Time scaling molecular evolution is challenging because the rate of molecular evolution has
varied substantially through time (19, 24-27) and, with few fossil calibrations (e.g. maximum
age constraints and lack of Precambrian maximum age calibrations), clock models struggle
to capture this rate variation. This has led to estimates of divergence time that in some cases
are uncertain (as in the case of the age of LUCA - 4.52-4.48 Ga (19, 27, 28)). Additional sources
of temporal information beyond fossil and geochemical calibrations are crucial to improve
these estimates of divergence time.

The ATP synthase is a protein complex central to energy conservation through the synthesis
and hydrolysis of ATP (29, 30). It is a useful marker to address key evolutionary transitions
due to the presence of this enzyme across all domains of life (24, 29, 31-37). The ATP synthase
family is classified into the F-, A-, and V-type ATP synthases (30, 33, 34) based on taxonomic
affiliation, function, and cellular localization (30, 34, 38). F-type ATP synthases are ubiquitous
across bacteria and eukaryotes and localize to cellular, mitochondrial, and plastid membranes
(39). In line with this, eukaryotic F-type ATP synthases are hypothesized to be derived from the
bacterial ancestors of these organelles (33, 35, 40). The A-type ATP synthase (34, 38, 41), found
primarily in Archaea, belongs to a larger family of A/V-type ATP synthases (38) that also include
eukaryotic complexes found in vacuoles (32-34, 38, 40-42). The F- and A/V-type ATP synthases
share acommon foundational architecture consisting of a soluble cytoplasmic component (R1)
connected to an insoluble membrane component (R0) (Supplementary Fig. 1). The hexameric
headpiece of the R1 complex contains three copies each of a catalytic (c) and non-catalytic (nc)
subunitand is the site of ATP synthesis and hydrolysis. The catalytic and non-catalytic subunits
comprising the soluble hetero-hexameric R1 component, are paralogs to each other. They
arose prior to LUCA through an ancient duplication of a RecA family protein (P-loop NTPase)
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followed by the loss of the catalytic function in one subunit (29, 32-35, 38, 40, 43). Due to this
ancient gene duplication, each paralog can act as an outgroup to the other, providing a way
to root the tree of life (44). Since the duplication occurred before the divergence between
Archaea and Bacteria, speciation events during the subsequent history of life appear at
least twice in the ATP synthase gene tree. This circumstance has been used to improve date
estimates for eukaryotic evolution by “cross-bracing” (constraining to the same unknown age)
equivalent speciation nodes in the gene tree (24), which propagates limited fossil evidence
across the tree. Cross-bracing improves clock estimates in two ways. First, the information
that two distant nodes in the tree must have the same age provides a useful constraint on the
rates of evolution and ages of the intervening branches. Second, it enables the fossil record
of eukaryotes to inform divergence times within both the archaeal and bacterial domains,
because eukaryotes obtained ATP synthase paralogs from both sources. In principle, this
approach might be expanded beyond ATP synthase to the core set of ribosomal proteins that
are conserved between the nucleus, mitochondrion, and chloroplast of eukaryotes as a result
of the mitochondrial and plastid endosymbioses. Cross-bracing a ribosomal species tree could
help to avoid difficulties arising from HGT events during ATP synthase evolution (32, 33, 40,
45), and the limited resolving power of single gene trees.

To improve our understanding of the evolutionary history of ATP synthases and cellular
evolution, we perform phylogenetic analyses using an updated taxon sampling set, ancestral
sequence reconstruction (46, 47), and novel molecular dating approaches including cross-
bracing (24, 48, 49). We also use probabilistic gene- and species-tree reconciliation methods
(implemented in Amalgamated Likelihood Estimation (ALE)) (50-52) to determine the origin
and evolution of the ATP synthase and each of its subfamilies. ALE allows us to compare the
ATP synthase gene family tree to the tree of life and to infer the history of gene duplication,
transfer, and loss during ATP synthase evolution. We assemble a set of ribosomal marker
proteins that includes three distinct clades of eukaryotic homologs derived from archaeal,
alphaproteobacterial, and cyanobacterial ancestors. Due to gene duplications (ATP synthase)
and endosymbiosis events (ribosomal marker genes and ATP synthase), cross-bracing can be
applied to both datasets. Our analyses confirm the split of the catalytic and non-catalytic ATP
synthase subunits prior to LUCA and reveal the prevalence and early evolution of A/V-type ATP
synthases in Bacteria. Our dating analyses establish absolute age estimates for LUCA, the Last
Bacterial Common Ancestor (LBCA), and the Last Archaeal Common Ancestor (LACA). We link
early cellular evolution with the origin of the head component of ATP synthases, which has
diversified earlier than previously assumed. Finally, our analyses improve time estimates for
the origin of eukaryotes from its prokaryotic ancestors and thereby inform on eukaryogenesis.
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RESULTS

DISTRIBUTION OF ATP SYNTHASES ACROSS BACTERIA, ARCHAEA AND
EUKARYOTES

We analysed the distribution of ATP synthase genes across our reference genome dataset of 800
Archaea, Bacteria, and eukaryotes (Figs. 1-2, Supplementary Fig. 2, Supplementary Data 1-4).
In agreement with previous work (29, 32-36, 38, 40), our results indicate a partitioning of the
F- and A/V-type ATP synthases by domain. Archaea and Bacteria contain primarily A/V-type
and F-type subunits, respectively, and eukaryotes harbor complexes of both types (Fig. 1,
Supplementary Fig. 2). However, in Bacteria the pattern is more complex than generally
assumed (33, 35, 53). Consistent with emerging evidence that several bacteria contain A/V-type
ATP synthases (35), we found that 46% (23/50) of bacterial phylum-level lineages encode genes
for A/V-type ATP synthases in conjunction with (n = 19), or to the exclusion of (n = 4), a bacterial
F-type ATP synthase (Fig. 1, Supplementary Fig. 2, Supplementary Data 4). Conversely, only
three members of a single archaeal lineage, Methanosarcinales, contain F-type ATP synthases
in addition to their A/V-type complex (Fig. 1, Supplementary Fig. 2, Supplementary Data 4),
as observed previously (54-56).
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Fig. 1 | Distribution of COG families representing the F- and A/V-type ATP synthase subunits and
select lipid biosynthesis genes across the tree of life. COG families corresponding to the ATP synthase
subunits and lipid biosynthesis genes (see Methods for selection of COG families, Supplementary Data 3)
are represented as a percentage presence by phylogenetic cluster, consistent with collapsed taxonomic
clades in the maximum-likelihood concatenated species tree. The concatenated alignment contains 780
taxa and was trimmed with BMGE v1.12 (settings: -m BLOSUM30 -h 0.55) (110) to remove poorly-aligning
positions (final alignment length = 3367 amino acids). The maximume-likelihood tree was inferred using
IQ-TREE2 v2.1.2 with the LG+C20+R+F model with SH-like approximate likelihood (left) and ultrafast
bootstrap approximation (right), each with 1000 replicates (111, 122, 123). The scale bar corresponds to the
expected number of substitutions per site. Color code: archaea =red, bacteria = blue, eukaryotes = yellow.
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representing the ATP synthase subunits (see Methods for selection of COG families, Supplementary
Data 3) are presented as binary presence-absence counts per taxon. The relationships among eukaryotic
supergroups is consistent with Burki, 2020 (136). Dashed lines represent groups with greater uncertainty.
Mito = mitochondria and mitochondrion-related organelles (MROs). Plastid = primary-, secondary-, and
tertiary-plastid, and kleptoplast. See Supplementary Data 5 for additional information on organelle
distribution. The list of eukaryotic ATP synthase sequences flagged as putative bacterial contamination
can be found in Supplementary Data 4.

Despite the core role of ATP synthases in energy conservation, some prokaryotes (including
members of the DPANN archaea (57-59)) lack functional homologs (Fig. 1, Supplementary
Fig. 2, Supplementary Data 4). These absences are present across related lineages, suggesting
a genuine loss, rather than metagenome-assembled genome incompleteness. Other DPANN
lineages, such as Nanohaloarchaeota, may have inherited their ATP synthase from a DPANN
ancestor (Supplementary Fig. 6) or acquired ATP synthase genes from symbiotic partners
(Supplementary Fig. 7-10, Discussion) (45, 60). Several Bathyarchaeota lack ATP synthase
complexes (Fig. 1, Supplementary Fig. 2, Supplementary Data 4), consistent with the previously
noted absence of ATP synthases in the Bathyarchaeote BA1 and BA2 (61, 62). Instead, these
organisms may produce ATP through substrate-level phosphorylation using a putative ATP-
forming acetyl-CoA synthetase (61, 62). We found that 60.6% (20/33) of the analysed CPR encode
F-type ATP synthases, with phylogenetic trees suggesting inheritance from a common ancestor
with Chloroflexi (Fig. 1, Supplementary Fig. 2, Supplementary Data 4). Conversely, 30.3%
(10/33) of the sampled CPR have lost genes that would enable the formation of a canonical ATP
synthase complex (Supplementary Fig. 2, Supplementary Data 4). Interestingly, three members
of the CPR in our dataset lack an F-type ATP synthase but have a near-complete or complete
A/V-type complex (Fig. 1, Supplementary Fig. 2), indicating a recent acquisition of the A/V-type
complex via HGT potentially by members of the Synergistetes (Supplementary Fig. 2, 6-10).

Most eukaryotic lineages contained core functional subunits of both F- and A/V-type ATP
synthases, with the exception of 24/100 analyzed representatives, including Entamoeba
dispar and certain Excavates (Fig. 2, Supplementary Data 5). This is consistent with the
energy metabolism of these anaerobes whose mitochondrion-related organelles have lost
components of the aerobic electron transport chain (63, 64) (Fig. 2). We observed that 78%
(14/18) of Archaeplastida encode genes for Atpl, the F-type alpha subunit of cyanobacteria
(COG5756, Fig. 2, Supplementary Data 5). Notably, this gene is lacking in species without a
plastid (Fig. 2), consistent with the existence of a second F-type ATP synthase of endosymbiotic
origin in chloroplasts. However, 36% of plastid-bearing eukaryotes (16/45) lack an Atpl
homolog (Fig. 2), indicating subsequent loss of Atpl in some photosynthetic eukaryotes.

EVOLUTIONARY HISTORY OF SOLUBLE ATP SYNTHASE SUBUNITS

Phylogenetic analyses including all catalytic (c) and non-catalytic (nc) subunits of the soluble
head component of the F-and A/V-type ATP synthase (Supplementary Fig. 1), the F1 betaand A1/
V1Aandthe Flalphaand A1/V1B, respectively (hereafter referred to as cF1,cA1V1, ncF1,ncA1V1,
revealed four clades corresponding to each of the four protein families (Fig. 3A, Supplementary
Fig. 10). Based on the gene family tree and the observation that all organisms encoding an ATP
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synthase possess catalytic (cF1 and cA1V1) (Fig. 3A, Supplementary Figs. 4, 6, 8-10) and non-
catalytic (ncF1and ncA1V1) (Fig. 3A, Supplementary Figs. 5, 7-10) subunits, our analysis agrees
with the consensus view (31, 32, 35, 40), that the deepest split lies between those families
(Fig. 3A, Supplementary Fig. 10) (31, 32, 35, 40). Our results suggest an early divergence of
the functional capacities of each subunit followed by subsequent bifurcations into F- and
A/V-type complexes (Fig. 3A, Supplementary Fig. 10). The deep splits observed within each
of the catalytic and non-catalytic subunits of the F- and A/V-type complexes have been
hypothesized to coincide with the speciation of Archaea and Bacteria (31, 32, 65) (Fig. 3A).
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Fig. 3 | Maximum-likelihood tree of all ATP synthase headpiece subunits identified in sampled
Archaea (red), Bacteria (blue), and Eukaryotes (yellow). A Homologs corresponding to each subunit
form monophyletic clusters for each protein family. Catalytic subunits (cF1 and cA1V1) and non-
catalytic subunits (ncF1 and ncA1V1) cluster together on either side of the root. The alignment contains
1520 sequences and was trimmed with BMGE v1.12 (settings: -m BLOSUM30 -h 0.55) (110) (alignment
length =350 amino acids). The maximum-likelihood tree was inferred using IQ-TREE2 v2.1.2 with the
LG+C50+R+F model, selected using the best-fitting model (chosen by BIC) (111, 122, 132). The scale bar
corresponds to the expected number of substitutions per site. The Walker-A motif from ancestrally
reconstructed sequences (123) are shown at their respective nodes. B Conserved protein motifs for each
subunit derived from the same alignment.

Determining which of the four head-forming subunits was presentin LACA, LBCA, and LUCA
based on gene tree inspection is challenging. For instance, the identification of A/V-type ATP
synthases in many Bacteria (Fig. 1, Supplementary Fig. 2) and the recent inference of the
presence of components of both F- and A/V-Type ATP synthases in the genome of LBCA (21),
challenge a late horizontal acquisition of the A/V-type ATP synthase by Bacteria. To evaluate
these hypotheses within a statistical framework, we used the ALE probabilistic approach (51) to
reconcile gene trees for each of the ATP synthase subunits with the species tree as a whole, using
distinct data treatments (Methods, Supplementary Data 6). This approach compares the gene
family tree with the species tree to infer gene origination, duplication, transfer, and loss events.
It maps branches of the gene tree to the species tree, using conditional clade probabilities
(66) to account for uncertainty in the gene family tree analyses (51). These analyses agreed
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with our manualinspection of the gene trees, suggesting that the cA1V1 and ncA1V1 subunits
were present in LACA (presence probability, PPs =0.99-1) (67) and the cF1 and ncF1 subunits
were present in LBCA (PPs =0.99-1) (21). We recovered support for the presence of the cA1V1
(PPs=0.64-1) subunit in LBCA, as has been suggested recently (21), while the presence of
the ncA1V1 subunit in LBCA was supported only in trees inferred using the LG+C20+R+F but
not LG+C60+R+F model (C20: PPs=0.99-1, C60: PPs=0.21-0.28, Supplementary Data 6).

The ncF1 (PPs=0.79-1), ncA1V1 (PPs=0.99-1), cF1 (PPs=1), and cA1V1 (PPs=0.99-1) gene
families were estimated to having been present in LUCA, suggesting a putative pre-LUCA
duplication of both the catalytic and non-catalytic subunits into the F- and A/V-type lineages
(Supplementary Data 6, Fig. 4). However, deep branches in the gene trees are susceptible to
systematic error, and distinguishing ancestral presence from early horizontal acquisition is
difficult (21). Nonetheless, the widespread presence of genes encoding A/V-type subunits in
modern Bacteria (Fig. 1, Supplementary Fig. 2, Supplementary Data 4) suggests that these
genes were acquired early in bacterial evolution.

The presence of all four subunits in Bacteria is consistent with ideas for a root of the universal
tree within Bacteria (68-70). However, we obtained significantly lower gene family likelihoods
(approximately unbiased (AU) test): C60 model, pAU =0.00009; C20 model, pAU =0.0002)
(Supplementary Data 6) for ATP synthase subunits reconciled with a species tree rooted
within Bacteria rather than between Archaea and Bacteria (20, 21). When eukaryotes were
excluded, the within-Bacteria root also had a lower likelihood, though not significant (C60,
pAU =0.093; C20, pAU = 0.547) (Supplementary Data 6). These results agree with the consensus
root between Archaea and Bacteria.

To investigate the key motifs characterizing the catalytic and non-catalytic subunits of the F-
and A/V-type ATP synthases we examined conserved protein motifs in extant taxa. We focused
on the sequence identity of the Walker-A motif (Supplementary Discussion), which has an
amino acid composition of GXXXXGKT (43). This region comprises the primary “P-loop” domain
responsible for binding phosphate during ATP synthesis/hydrolysis and is highly conserved
across phosphate-binding proteins and fundamental to the activity of the ATP synthase (71,
72). Our analyses of the Walker-A motifs across the ncF1, cF1, and cA1V1 subunits revealed a
conserved motif with variation in positions 2-5 (Fig. 3B). However, the ncA1V1 subunit lacks
a recognizable Walker-A motif and instead contains a SGSGLPHN motif in the corresponding
position (Fig. 3B). The phosphate binding properties of this motif are unknown (73).
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We performed ancestral sequence reconstruction (46, 47) on the alignment of the unrooted
combined phylogeny (Fig. 3A, Supplementary Data 7) to determine the ancestral sequence
at the root of each of the four subunits (ncF1: Nodel23; cF1: Nodel26; cA1V1: Node516;
and ncA1V1: Node883) as well as the root of the catalytic versus non-catalytic subunits (Fig. 3A)
(ncF1 and ncA1V1: Nodel24; cF1 and cA1V1: Nodel25). Consistent with our observations of
the conserved extant motifs, we found Walker-A motifs in the reconstructed sequences for
the ncF1, cF1, and cA1V1 families and the alternative motif (SGSGLPHN) for the ncA1V1 family
(Fig. 3A). The alanine (A) and phenylalanine (F) dichotomy in the third position of the ncF1, cF1
and cAV ancestors is consistent with previous findings distinguishing F- and A/V-type ATP
synthase catalytic binding loops, respectively (Fig. 3A) (41). A motif pattern of GGAGTGKT was
inferred for both the ancestor of the catalytic and non-catalytic subunits (Fig. 3A). This is
compatible with a previously proposed scenario in which the progenitor ATP synthase was
suggested to have contained six catalytic sites similar to the cF1 (34). While ancestral sequences
inferred for the ncF1, ncA1V1, cF1 and cA1V1 are most similar to those in extant representatives
of each of those families, the sequences inferred for each ancestor of the nc and ¢ families
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were both most similar to extant members of the cF1 subunits from F-type ATP synthases
(Fig. 3, Supplementary Data 7). Taken together, this may indicate that the ancestral head
component of the ATP synthase was more similar to the R1 complex of F-type ATP synthase
and is consistent with the hypothesis that they evolved by duplication from a catalytic ancestor
belonging to the “P-loop” NTPases (24, 29, 31, 34, 37). Furthermore, our results imply that the
ncA1V1 subunit lost its Walker-A motif after divergence from the other subunits, though the
functional consequence of the degenerated binding loop in the ncA1V1 subunit is unknown.

THE ORIGINS OF ATP SYNTHASES IN EUKARYOTES

In agreement with symbiogenetic models for the origin of the eukaryotic cell (9-15), our
ATP synthase phylogenies suggest that eukaryotes inherited A/V- and F-type ATP synthases
from their archaeal and bacterial ancestors (Fig. 3A, Supplementary Figs. 4-10) (11, 32-34,
40). Specifically, the relationship between Asgard archaea and eukaryotes was evident in
phylogenies of the ncA1V1 subunit (Supplementary Figs. 6-10, Supplementary Data 8), with
the strongest bootstrap support being 95.8/95 (Supplementary Fig. 7, Supplementary Data 8).
In phylogenies for the catalytic subunits, the position of the eukaryotic branch was mostly
unresolved (Supplementary Discussion, Supplementary Figs. 6-10, and Supplementary
Data 8). This might be due to selective constraints or functional divergence considering that
the eukaryotic V-type ATP synthase has evolved to couple proton transport to ATP hydrolysis
rather than functioning as ATP synthase (32, 34, 42). The origin of eukaryotic F-type sequences
from Alphaproteobacteria and Cyanobacteria was consistently recovered across a range
of analyses including both Bayesian and maximum-likelihood inferences (Supplementary
Discussion, Supplementary Figs. 4-5, Supplementary Fig. 11, Supplementary Data 8, Zenodo
data repository: https://doi.org/10.5281/zen0d0.10012837 (74)). Within the F-type subunits,
the ncF1 phylogenies placed the sequences of eukaryotic plastids sister to Gloeomargarita
lithophora, the closest living relative of the plastid (75), while the cF1 phylogeny grouped
plastids together with most Cyanobacteria (Supplementary Fig. 11).

DATING THE SPECIES TREE AND ESTABLISHING AN ABSOLUTE TIMELINE
FOR ATP SYNTHASE EVOLUTION

To establish a timeframe for the evolution of the ATP synthase, we built on the approach
of Shih and Matzke (2013) (24) by bracing equivalent speciation nodes in both the ATP
synthase phylogeny and a universal species tree. We took advantage of the greatly expanded
sampling of organisms sequenced since the previous study (1520 total nc and ¢ ATP synthase
subunit sequences included in this study versus 149 total sequences (24)) and applied
more fossil calibrations (ATP synthase gene tree n =10, species tree n =12 versus n =7 (24))
(Supplementary Discussion, Supplementary Data 9). We developed a new molecular dating
software (McmcDate) that implements both cross-bracing (two nodes constrained to the same
age) as well as relative age constraints (one node is constrained to always be younger than
another node, as informed, for instance, based on horizontal gene transfer between donor
and recipient lineages (49, 76)) (Supplementary Discussion, Supplementary Data 9).
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Molecular dating analyses revealed that bracing the nuclear, mitochondrial, and plastid
eukaryotic clades had a significant overall impact (Z-test statistic was -233.0 with a p-value
of 0.0) on inferred rates of evolution, which are 16.5% higher overall than in the non-braced
analysis (2.6e-4 average number of substitutions per million years and site, for ribosomal
protein tree; Fig. 5A, C, Supplementary Figs. 12-17, Supplementary Data 10). As a result, age
ranges (measured as 95% highest posterior density: the boundaries of the central 95% highest
posterior densities of the distributions on ages) are modestly younger in the braced analysis,
though similar overall (Supplementary Data 10). We estimate that LUCA lived 4.52-4.32Ga
and 4.52-4.42Ga in the braced and non-braced analysis, respectively (Fig. 5A, Supplementary
Fig. 16). Ages towards the younger end of the spectrum from our braced analysis seem more
plausible considering the Moon-forming impact at 4.52Ga, though both ages imply a rapid
origin of LUCA following this putative sterilization event. In the following, we focus on dates
from the cross-braced analysis but corresponding age ranges without bracing can be found
in Fig. 5 and Supplementary Data 10). Of the two prokaryotic domains, LBCA was inferred
to be older than LACA (4.49-4.05Ga versus 3.95-3.37 Ga) indicating higher extinction or
lower sampling rates for the archaeal stem-lineage (Fig. 5A, Supplementary Fig. 16). Our
analyses suggest that eukaryotes diverged from their closest known asgardarchaeal
relatives 2.67-2.19Ga (Hodarchaeota + eukaryotes), and from Alphaproteobacteria 2.58-
2.12Ga (Supplementary Fig. 16, Supplementary Data 10). Plastids diverged from free-living
Cyanobacteria 2.14-1.73Ga (Fig. 5A, C, Supplementary Fig. 16, Supplementary Data 10) and
we inferred LECA to have originated 1.93-1.84Ga (Supplementary Fig. 16, Supplementary
Data 10). These revised ages for key nodes in the species tree provide a timeline to study ATP
synthase diversification in the context of cellular evolution: the split between the catalytic
and non-catalytic ATP synthase subunits (4.52-4.46 Ga) likely predates (or at the latest was
contemporary with) LUCA (4.52-4.32 Ga), while the divergence into F1- and A1/V1-types within
the catalytic (4.52-4.38 Ga) and noncatalytic (4.52-4.42 Ga) clades overlaps in time with LUCA
(4.52-4.32Ga) and LBCA (4.49-4.05Ga) but predates LACA (3.95-3.37 Ga) by more than 0.5 Gyr
(Fig. 5B, Supplementary Figs. 18-19, Supplementary Data 10). An early origin of the A/V-type
ATP synthases is a prerequisite for their presence in LBCA. If the split between F- and A/V-
types corresponds to the speciation of Archaea and Bacteria, an older age for the A1/V1 clade
compared to crown Archaea (LACA) might hint at a sampling or extinction “bottleneck” on the
stem lineage leading to extant Archaea (Fig. 4B).
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schematic ribosomal species tree. B Suggested timing of key evolutionary events based on a schematic
ATP synthase gene tree. C Dated cross-braced ribosomal species tree (Edited2, see Methods) including
nuclear, mitochondrial, and plastid eukaryotic homologs. See Methods for inference of the maximum-
likelihood concatenated ribosomal species phylogeny and constraints (Edited2). The alignment
contained 863 sequences and was trimmed with TRIMAL (129) (alignment length = 2133 amino acids),
and the maximume-likelihood phylogeny was inferred using IQ-TREE2 v2.1.2 the LG+C60+R+F model
(111, 122, 123). Abbreviations: b braced, nb non-braced, MAncL shared ancestor of mitochondria and
closest alphaproteobacterial sister lineage, AAnc: shared ancestor of eukaryotic host lineage and
closest asgardarchaeal sister lineage; Hod, Hodarchaeales; PAnc, shared ancestor of plastid and closest
cyanobacterial sister lineage; c catalytic; nc non-catalytic; F F-type ATP-synthase; AV AV-type ATP-synthase.

DISCUSSION

The results of our analyses confirm that the A/V-type ATP synthase was present in LACA
(67) and the F-type ATP synthase was in LBCA (19-22). They also revealed that A/V-type ATP
synthases are broadly distributed in Bacteria and might have already been present in LBCA
(Fig. 1, 3A, Supplementary Fig. 2, Supplementary Figs. 6-8, Supplementary Fig. 10). Previous
analyses suggested that the acquisition of A/V-type ATP synthases in Bacteria occurred via HGT
from hyperthermophilic Archaea (33, 35, 53), despite the observation that many mesophilic
Bacteria also contain A/V-type ATP synthases (Figs. 1, 3A, Supplementary Fig. 2). In contrast,
only three archaeal genomes (all within the genus Methanosarcina) appear to encode F-type
ATP synthases (Figs. 1, 3A, Supplementary Fig. 2, Supplementary Figs. 4-5) belonging to a
family of ATP synthases known as N-ATPases. The latter represent a distinct horizontally-
acquired F-type ATP synthase which exists in addition to a bona fide F- or A/V-type ATP
synthase in Bacteria and Archaea (56). Experimental studies revealed that the N-ATPase of M.
acetivorans is not required for growth (55, 56) and the function is debated.

ATP synthase evolution in Bacteria seems to be driven by frequent transfers from Archaea
to Bacteria. Alternatively, A/V-type ATP synthases may already have been present in LBCA
or LUCA and subsequently lost in many bacterial lineages. The latter possibility is in line
with a scenario in which transfers from Bacteria to Archaea have been more common during
evolution (77), but requires a loss of the F-type ATP synthase along the branch leading to
Archaea (Fig. 4C). In agreement with this, the duplication giving rise to the catalytic and non-
catalytic subunits (4.52-4.42 Ga 95% highest posterior density, Supplementary Figs. 18-19,
Supplementary Data 10) and the divergence into F- and A/V-lineages within the catalytic and
non-catalytic clades (4.52-4.38 Ga 95% highest posterior density, Supplementary Figs. 18-19,
Supplementary Data 10) were inferred to have occurred very early in the history of cellular
life, prior to, or overlapping with, LUCA (4.52-4.32Ga, Fig. 5A, C, Supplementary Fig. 16,
Supplementary Data 10). This may seem at odds with previous inferences (10, 29, 32, 78) and
suggestions of deep divergences between Archaea and Bacteria coinciding with distinct
informational processing machinery (19), ATP synthases, and membrane lipids (36, 79).
However, the ‘lipid divide’ (80) appears less pronounced than assumed previously (81, 82) and
LUCA may have had the mevalonate pathway (83, 84) and been able to synthesize bacterial and
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archaeal-type lipids (21, 85). The occurrence of the F- and/or A/V-type ATP synthases in modern
Bacteria, suggests that their membrane lipids are compatible with either ATP synthase type. It
isunclear whether the lack of Archaea with a complete substitution of an A/V- with F-type ATP
synthase can be explained by constraints imposed by archaeal membrane lipid composition.
Alternatively, it is possible that while the diversification of the catalytic and non-catalytic
subunits into the respective F1 and A1/V1 families may have predated LUCA, the hexameric
headpieces may have functioned independently from extant membrane components (29). In
this scenario, the evolution of the membrane components could have occurred later, potentially
in conjunction with the speciation of Bacteria and Archaea and the ‘lipid divide’ (36, 79).

Despite the wide distribution of ATP synthases across cellular life, our analyses revealed that
many DPANN Archaea and CPR Bacteria may have minimal complexes, as is the case in the
DPANN Nanoarchaeum equitans (86), or even lack all genes for an ATP synthase complex (Fig. 1,
Supplementary Fig. 2, Supplementary Data 4). This finding suggests that ATP synthases are
not as essential as previously assumed (32, 33, 45, 65) with loss in DPANN and CPR lineages
likely being the result of genome streamlining processes consistent with their predicted
host-dependent lifestyles (58, 59). For instance, various members of DPANN lack several ATP
synthase subunit homologs (60/103) while others encode homologs clustering with other
DPANN or potential hosts (Fig. 1, Supplementary Figs. 6-10, Supplementary Data 4). We
observed putative symbiont-host gene transfers between acidophilic Micrarchaeota and their
hosts belonging to the Thermoplasmata (87) consistent with work supporting extensive HGT
among ATP synthase genes of acidophilic archaeal lineages (60) (Supplementary Figs. 6-10,
Supplementary Data 4). Furthermore, our trees indicate HGT and/or compositional attraction
(88) of the cA1V1 subunit between the symbiotic Nanohaloarchaeota and their halobacterial
hosts (Supplementary Fig. 6). The evolution of ATP synthase genes underpins debate over
the phylogenetic placement of Nanohaloarchaeota (45), originally placed as the sister-group
to Halobacteria (45, 89) but later recovered as a member of DPANN (16, 17, 90-92). Recently,
Feng and coworkers found that the catalytic and non-catalytic subunits of the A/V-type
ATP synthase of Nanohaloarchaeota form sister-groups to halobacterial homologs (45).
Although their concatenated species trees placed Nanohaloarchaeota with other DPANN
(45), the authors argued that this placement was an artifact due to compositional biases in
the concatenated dataset, with the ATP synthase gene tree recording the true organismal
history. By contrast, Wang et al. (2019) (60) suggested that the incongruence of the species
and ATP synthase gene trees for halophilic Archaea result from the HGT of an ATP synthase
operon from Halobacteria into the common ancestor of Nanohaloarchaeota. Ecological
association and symbiotic interactions between these organisms might have facilitated
such a transfer. We include a larger representation of DPANN and metagenome-assembled
genomes (GCA_003660905, GCA_003660865) belonging to a divergent sister lineage of the
Nanohaloarchaeota (Fig. 1, Supplementary Fig. 2, 20), providing an opportunity to reconsider
and distinguish hypotheses. Our results group Nanohaloarchaeota ncA1V1 subunits with
Halobacteria, while in the cA1V1 subtree, Nanohaloarchaeota group with DPANN (including
the sister lineage, Supplementary Figs. 6-10). Our analyses are most compatible with a
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scenario in which the last common ancestor of Nanohaloarchaeal already possessed an ATP
synthase complexinherited vertically from its DPANN relatives. The ncA1V1 subunit may have
been replaced through HGT from a halobacterial host early during the lineage’s evolution,
potentially as an adaptation to halophily. Alternatively, it might be compositionally attracted
to homologs of the Halobacteria as a result of convergent adaptations to halophily (88). This
suggests that even genes whose synteny is conserved across lineages may be individually
affected by HGT or evolutionary constraints. In such cases, the phylogenetic signal encoded
in a larger number of marker genes may provide a more reliable estimate of the species tree.

Consistent with observations that niche expansion of Thaumarchaeota into acidic soils and
high pressure oceanic zones was linked to their horizontal acquisition of a variant V-type ATP
synthase operon (60), our results illustrate the potential role of symbiont-host gene exchange
and environmental factors in ATP synthase evolution. Prospective studies focusing on genome
evolution of DPANN archaea can help further assess the presence of ATP synthases and other
metabolic components in the various DPANN ancestors and elucidate instances of transfer and
loss of genes throughout DPANN diversification and adaptation to their respective symbiotic
hosts.

Our molecular clock analyses suggest cross-bracing species nodes within gene trees is effective
in propagating temporal information across the tree of life and improves the precision and
accuracy of divergence time estimates for Archaea and Bacteria. Bracing resulted in higher
estimated rates of molecular evolution overall (Supplementary Fig. 17, Supplementary
Data 10), with the result that various deeper nodes of the tree were estimated to be slightly
younger when compared with the un-braced analyses. This also includes LUCA, which has
a mean age of 4.46Ga in our cross-braced analyses and of 4.49Ga in un-braced analyses.
However, as observed in previous studies (19, 27), the credibility interval associated with the
LUCA still clashes against the root hard-maximum represented by the moon-forming impact
even when implementing cross-bracing. This indicates that bracing helps to ameliorate,
though not completely resolve, the problem of an under-calibrated clock inferring rates that
are too low to account for the amount of genetic change that has occurred since the root of the
universal tree (19, 93). Some recent studies have reported moderately younger age estimates
for LUCA: 4.05-3.42 Ga (94), or a range of values 4.48-3.93 Ga depending on conditions (95). An
importantdriver of these differences is the choice of root maximum, which was younger in both
studies (3.8-4.1Ga (95) and 3.9Ga (94)). In turn, also in those studies (94, 95), the credibility
interval for the age of LUCA clashes against the maximum used to calibrate the root node.
This is consistent with previous work suggesting that the age of LUCA is sensitive to the root
calibration used (19, 21, 27, 95, 96). We used the age of the Earth as our root maximum (the
moon-forming impact at 4.52Ga) because we are unaware of any compelling evidence for a
younger maximum on the age of extant life (Supplementary Material). Thus, while the precise
age of life and of LUCA remains uncertain, the inferred ages of LUCA and the early ATP synthase
duplicates seem to imply a very high rate of evolutionary innovation during the earliest period
of evolutionary history. Additional calibrations for deep nodes in the universal tree, along with
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date estimates for other pre-LUCA paralogs, may help to dissect this key evolutionary period
in higher resolution in future work (see Supplementary Discussion for further details about
the resulting age estimates for major prokaryotic clades).

The LECA estimate (1.93-1.84 Ga, 95% highest posterior density) from our species tree analysis
falls within published molecular clock estimates, placing LECA within a broad interval ~1-2.4
Ga (25-27, 97-99) (Fig. 5A, C, Supplementary Fig. 16, Supplementary Data 10). More recent
analyses have tended to resolve an older LECA, with ages closer to 1 Ga being less plausible
on the basis of fossils from that period that can uncontroversially be assigned to crown
Archaeplastida. These fossils include the green alga Proterocladus antiquus (1 Ga) (100) and
the red alga Bangiomorpha pubescens (1030 Mya) (101). The ages of some of these nodes,
including LECA and particularly the last plastid common ancestor (LPCA), were inferred to be
younger in the ATP synthase analysis (Fig. 5, Supplementary Figs. 16 and 18, Supplementary
Data 10). In part, this may be due to the shorter alignment of ATP synthase (433-512AA,
Supplementary Figs. 4-7, 10) and lower phylogenetic resolution (102) reducing the species
tree calibrations and braces to the ATP synthase phylogeny through gene and species tree
incongruence (Supplementary Information).

Our analyses are of interest for the timing of mitochondrial acquisition relative to other
hallmark features of eukaryotes such as the nucleus (103, 104) and help to explain the
differencesin the length of the stem between eukaryotic genes of archaeal and bacterial origin
reported previously (103, 105). Note that while the LECA nodes within the mitochondrial and
nuclear lineages can be cross-braced to be contemporaneous, the lengths of the antecedent
stems (i.e. the divergence times of the mitochondrial and nuclear lineages from their closest
bacterial and archaeal relatives) might be very different (there should be no expectation that
they are of equal antiquity). Our analyses support a moderately longer stem for the nuclear
lineage (mean: 520.3 Ma, 291-789 Ma, 95% highest posterior density) than the mitochondrion
(mean: 438.8 Ma, 233-682 Ma, 95% highest posterior density), suggesting the divergence of
the nuclear lineage from the closest sampled Asgard archaea occurred before the divergence
of the mitochondrial lineage from Alphaproteobacteria. However, the credible age ranges for
these divergences overlap, therefore some additional factor (e.g. a faster evolutionary rate
prior to LECA in eukaryotic genes of archaeal origin) may contribute to the observed differences
in stem lengths (103, 105). Interestingly, the inferred timescale is sensitive to the phylogenetic
position of eukaryotes within Asgard archaea and Alphaproteobacteria: in an alternative
analysis in which eukaryotes were placed sister to all Asgard archaea, and mitochondria within
Alphaproteobacteria, the difference in stem group ages was more pronounced (mean 812.1
Ma, 95% highest posterior density 540-1105 Ma, nuclear stem: 310.1 Ma, mitochondrial stem:
150-508 Ma) (Supplementary Fig. 12). While this result tells us something about the shape of
the tree of life it does not distinguish between hypotheses of an “early” or “late” mitochondrial
acquisition. This is because these hypotheses make competing predictions about the order
in which key eukaryotic features without direct correspondence to nodes in the tree were
acquired relative to the mitochondrial endosymbiosis (Donoghue et al. 2023) (106).
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CONCLUDING REMARKS

Our analyses provide insights into the diversification of the ATP synthase gene family and
established age estimates for key nodes in the tree of life. Our results suggest that while LACA
solely harbored an A1/V1-type ATP synthase, LBCA may already have encoded homologs of
the head component of both the F- and a A/V-type ATP synthase. Studying how A/V-type
ATP synthases function in Bacteria will help to explain the distribution we observed and the
functional consequences of the ancient divergence between F- and A/V-type ATP synthases. In
contrast to previous work, our inferences are consistent with the hypothesis that the divergence
of the F1- and A/V1-type ATP synthase components may have predated LUCA. Furthermore,
ATP synthase evolution supports scenarios on eukaryotic origins from an asgardarchaeal
host (3, 4, 13, 14) and alphaproteobacterial symbiont (107, 108) and, together with our
dated species tree, provide an updated timescale of cellular evolution, placing the origin of
the eukaryotic cell into a geological context that can help to test eukaryogenesis models.

METHODS

SELECTION OF 800 TAXA COMPRISING THE BACKBONE GENOME
REFERENCE DATASET

Archaeal reference genomes

Arepresentative set of archaeal genomes was selected from a broad diversity of all archaeal
genomes present in NCBI. A set of 51 marker proteins (91) was used to infer an initial
concatenated phylogeny of 574 archaeal genomes meeting a threshold of >40% completeness
and <13% contamination (Supplementary Data 1). Individual markers were aligned with MAFFT
L-INS-i v7.407 (settings: -reorder) (109), trimmed using BMGE v1.12 (settings: -m BLOSUM30
-h 0.55) (110) and concatenated with a custom script (catfasta2zphyml.pl; https://github.com/
nylander/catfasta2zphyml). A phylogenetic tree was generated with IQ-TREE v1.6.7 (settings:
-m LG+C60+F+R -bb 1000 -alrt 1000) (111).

Based on this tree, 350 archaeal genomes were subsampled to evenly represent archaeal
phylogenetic diversity (Supplementary Data 1). Type-strains were preferentially selected,
while high quality metagenome assembled genome and single cell assembled genomes were
selected based on completeness and contamination levels.

Bacterial reference genomes

The bacterial reference backbone, prioritizing type-strains and reference genomes, but also
high-quality metagenome assembled genomes and a subselection of representatives from
candidate phyla, was derived using an initial phylogeny of bacterial genomes available in
NCBI as described above. Homologs of a conserved set of 29 marker proteins, i.e. a subset of
48 single-copy marker proteins previously defined in Zaremba-Niedzwiedzka et al. (2017) (4)
were identified in those bacterial genomes, aligned using MAFFT v7.407 (settings: -reorder)
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(109), trimmed using BMGE v1.12 (settings: -m BLOSUM30 -h 0.55) (110) and concatenated to
reconstruct a phylogenetic tree using IQ-TREE v1.6.7 (settings: -m LG+G -bb 1000 -alrt 1000)
(111). We subsampled the concatenated phylogeny for 349 bacterial genomes that represent
known bacterial genomic diversity, ensuring selection of major bacterial taxonomic clades.
The genome of Schaalia odontolytica ATCC 17982, which represents the host of members of
the Saccharibacteria (formerly phylum TM7) (112, 113), was downloaded from NCBI in 2020
and manually added to the bacterial backbone dataset (Supplementary Data 1).

Eukaryote reference genomes

A set of 100 published genome-wide datasets (genomes and, for lineages lacking complete
genomes, largely complete transcriptomes) were sampled to represent the major lineages of
eukaryotes (Supplementary Data 1, Supplementary Data 11). We also included sequences from
the unpublished Diplonema papillatum genome project, with the permission of the sequencing
consortium (see Acknowledgements).

Functional annotations

To identify sequences of ATP synthase subunits within all genomes in the 800-backbone set, all
protein coding sequences were annotated using the KEGG and COG databases. Sequences were
compared to KO profiles within the KEGG Automatic Annotation Server (KAAS, downloaded
April 2019) (KAAS; downloaded April 2019) (114), to COG profiles within the NCBI COG database
(downloaded May 2020) (115-117), and to Pfam profiles in the Pfam database (Release 34.0)
(118). KOs and COGs were assigned using hmmsearch v3.1b2 (settings: -tblout sequence_
results.txt -o results_all.txt -domtblout domain_results.txt -notextw -E 1e-5) (119). Pfams
were assigned using hmmsearch v3.1b2 (settings: --tblout sequence_results.txt -o results_all.
txt --domtblout domain_results.txt --notextw -E 1e-10) (119).

INFERENCE OF A CONCATENATED SPECIES PHYLOGENY INCLUDING
ARCHAEA, BACTERIA, AND EUKARYOTES

Marker gene homology search

A concatenated phylogeny of the 800 bacterial, archaeal, and eukaryotic genomes included
in this study was inferred using a previously defined set of 27 single-copy marker genes
(19) (Supplementary Fig. 20, Supplementary Data 12). To collect the corresponding homologs,
the 800 reference genomes were queried against all COG HMM profiles with a custom
script built on the hmmsearch [options] <reference genomes> <hmmfile> algorithm (120):
hmmsearchTable Whole_ArcBacEuk_800_vs2_clean.faa NCBI_COGs_0Oct2020.hmm -E 1e-5>
1_Hmmersearch/HMMscan_Output_e5 (HMMER v3.3.2) (121), and all homologs corresponding
to the 27 single-copy marker genes were identified, cleaned, and parsed. The approaches used
to identify the appropriate homologs for prokaryotes and eukaryotes are described below.
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Selection of prokaryotic homologs

For prokaryotes, the best-hit sequences were selected based on e-value and bitscore and
the corresponding protein sequences were extracted from the reference genome backbone.
Protein sequences assigned to each marker gene were aligned using MAFFT L-INS-i v7.453
(settings: --reorder) (109) and trimmed using BMGE v1.12 (settings: -t AA -m BLOSUM30 -h
0.55) (110). Maximum-likelihood phylogenies with ultrafast bootstrap approximation (UFBoot)
for each single-copy marker gene were constructed using IQ-TREE2 v2.1.2 (settings: -m LG+G
-wbtl -bb 1000 -bnni) (111, 122, 123). Individual marker gene trees were manually inspected
for domain-level monophyly, the presence of paralogous protein families, and signs of
contamination including LBA and horizontal gene transfer (HGT) (Supplementary Data 1,
Zenodo data repository: https://doi.org/10.5281/zenodo.10012837 (74)). Marker genes, where
domain-level lineages were paraphyletic were excluded and sequences with indications of
LBA, HGT, and paralogy were manually removed using a custom script: remove_seq_with_
specific_header3.py.

Selection of nuclear eukaryotic homologs

To distinguish between the nuclear, plastid, and mitochondrial homolog and select the
correct eukaryotic representative sequence, we collected all eukaryotic hmmsearch hits and
downsampled them with CD-HIT v4.7 using a threshold of 90% sequence identity (124, 125).
The filtered eukaryotic sequences were combined with the previously inspected prokaryotic
sequences and all sequences for each single-copy marker gene were aligned using MAFFT
L-INS-i v7.453 (settings: --reorder) (109), and trimmed using BMGE v1.12 (settings: -t AA -m
BLOSUM30 -h 0.55) (110). Single gene phylogenies were inferred using FastTree (settings: -lg)
(126). KEGG and Pfam annotations (see above) were mapped to the tips of the eukaryotic
sequences for manual inspection of multiple paralogs per taxon. First, the eukaryotic
sequences were inspected by removing any sequence failing monophyly (i.e., HGTs in
prokaryotic clades) or not clearly derived from the nuclear source (i.e., the plastid and/or
mitochondrial sequences). Duplicate nuclear eukaryotic sequences were filtered in a two-step
procedure: (1) if duplicate sequences are monophyletic, select a single representative based
on protein annotation consistent with the identity of the single-copy marker gene, and (2) if
duplicate sequences are paraphyletic, remove taxon completely from the single-copy marker
gene. Any representatives with fewer than 65% of the marker genes (20 taxa removed, 80
eukaryotes in total) were removed from this analysis (Supplementary Data 13).

Inspection of final marker gene sequence sets

The final set of eukaryotic nuclear sequences were combined with the previously inspected
sequences for Archaea and Bacteria (see above) and aligned using MAFFT L-INS-i v7.453 (109)
109, trimmed with BMGE v1.12 (settings: -t AA -m BLOSUM30 -h 0.55) (110) 110, and single
gene trees were inferred using maximum-likelihood with UFBoot approximation methods in
IQ-TREE2 v2.1.2 (settings: -m LG+G -wbtl -bb 1000 -bnni) (111, 122, 123). Upon inspection of
single gene trees including homologs from Archaea, Bacteria and eukaryotes, six single-copy
markers (COG0064, COG0085, COG0086, COG0202, COG0480, and COG5257 (Supplementary
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Data 12) were flagged for removal (e.g. lack of clear nuclear paralog, or absence of archaeal
or bacterial sequences in the tree).

Inference of the concatenated phylogeny

Alignments for the 21 single-copy marker genes were generated and trimmed following
the approaches outlined above and individual marker alignments were concatenated
using the script catfasta2phyml.pl (https://github.com/nylander/catfasta2phyml). The final
concatenated sequence alignment contained 3367 positions and was used to infer maximum-
likelihood phylogenies using varying models of evolution in IQ-TREE2 v2.1.2 (settings: -m
LG+C60+R+F or LG+C20+R+F -bb 1000 -alrt 1000) (111, 122, 123). We examined the statistical
support for topologies of the two concatenated species trees inferred under different models
of evolution (LG+C60+R+F and LG+C20+R+F, see above, Supplementary Data 14, Zenodo data
repository: https://doi.org/10.5281/zenod0.10012837 (74)) using the approximately unbiased
(AU) testimplemented in IQ-TREE2 v2.1.2 (settings: -s 21eLife_ArcBacEuk_wHuber_vsl.faa-m
[LG+C20+R+F/LG+C60+R+F] -z 21eLife_ArcBacEuk_wHuber_vsl_bothtrees.treefile -pre [C20/
C60] -n 0 -zb 10000 -au (111, 123, 127). Results are shown in Supplementary Data 15. Despite
statistical exclusion of the LG+C20+R+F topology, we chose to use this tree for phylogenetic
interpretation because the placement of key lineages such as the Asgard archaea and CPR, is most
consistent with recent evidence (4, 19, 21, 22) (Supplementary Fig. 20, Supplementary Data 15).

CONSTRUCTING A RIBOSOMAL MARKER PHYLOGENY INCLUDING
NUCLEAR, MITOCHONDRIA, AND PLASTID HOMOLOGS

Selection of eukaryotic nuclear, mitochondrial, and plastid homologs

Eukaryotes encode two or more ribosomes of distinct prokaryotic origins, i.e., archaeal,
alphaproteobacterial and, in the case of the presence of a plastid, a cyanobacterial origin
(i.e. the nuclear, mitochondrial, and plastid, respectively). A concatenated phylogeny
including, if identified, the nuclear, mitochondrial, and plastid ribosomal protein homologs
for each eukaryote, was inferred for molecular dating and bracing analyses. To this end,
we constructed single gene trees of the 15 ribosomal marker genes (subset of the 21
single-copy marker genes described above) which included Archaea, Bacteria, and all
eukaryotic homologs (i.e., the nuclear, mitochondrial, and plastid). Note that the nuclear
eukaryotic sequences were the same set of sequences reported in the final inspection of the
concatenated species phylogeny (see above). To identify the plastid homologs, we selected
the monophyletic clade of eukaryotic sequences affiliated with the Cyanobacteria. The
mitochondrial sequences appeared to demonstrate variable placements with some affiliating
with the alphaproteobacteria and others branching basally in the Bacteria. Therefore, we
made our sequence selection based on the position of known mitochondrial genes of the
type-species Homo sapiens and Saccharomyces cerevisiae. First, we manually located H.
sapiens in the phylogenies and searched the protein accession in Uniprot and/or NCBI (128) to
confirm sequence annotation and identity as a mitochondrial sequence. In the absence of
a H. sapiens homolog, we used S. cerevisiae mitochondrial homologs. Of the 15 ribosomal
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markers, three had no distinguishable mitochondrial homolog for either type-species and
were dropped from the dataset, resulting in 12 ribosomal markers (Supplementary Data 16).
All eukaryotic sequences, that clustered with the H. sapiens/S. cerevisiae homolog and grouped
with alphaproteobacteria or basally in the phylogeny, were selected for subsequent analyses.
Selected sequences were de-replicated using the following criteria: (1) if paralogous sequences
are monophyletic retain one homolog based on annotation or manual selection, and (2) if
paralogous sequences are paraphyletic remove all sequences from that organism. Dereplicate
sequences marked for removal are in Supplementary Data 16. Gene trees with selected
sequences have been deposited in our data repository at Zenodo: https://doi.org/10.5281/
zen0do.10012837 (74).

Ribosomal protein homologs were then annotated based on their distinct origin (nuclear,
mitochondrial, plastid) and the percent distribution of homologs across the 12 ribosomal
markers by eukaryotic taxon was calculated. Only taxa that had at least 50% of the markers
of nuclear, mitochondrial, or plastid origin were retained, resulting in 88 nuclear taxa, 50
mitochondrial taxa, and 25 plastid taxa (Supplementary Data 13). The eukaryotic GenomelDs
for each sequence were annotated with the suffix of the origin (i.e., EukGenome_nuclear,
EukGenome_mito, etc.) for downstream concatenation. In total, the sequence sets for the
12 ribosomal markers contained archaeal and bacterial homologs, and the eukaryotic
nuclear, mitochondrial, and plastid sequences, respectively. Alignments were generated
using MAFFT L-INS-i v7.453 (settings: --reorder) (109) and trimmed with TRIMAL v1.2rev59
(settings: -gappyout) (129). The alignments of the 12 ribosomal markers were concatenated
using the script catfasta2phyml.pl (https://github.com/nylander/catfasta2zphyml) and the final
concatenated alignment contained 2133 sites.

Inference of concatenated phylogenies
A maximum-likelihood phylogeny was inferred using IQ-TREE2 v2.1.2 (settings: -m LG+C60+R+F
-bb 1000 -alrt 1000) (111, 122, 123) (Supplementary Fig. 21).

ASSESSING DISTRIBUTION OF ATP SYNTHASE GENES ACROSS 800
TAXA BACKBONE

We performed a comparative genomic analysis of the distribution of ATP synthase genes across
the 800 taxa included in this study. COG families corresponding to each subunit of the ATP
synthase (Supplementary Data 3) were extracted from the 800 reference genomes. Results
were compiled, counted in Rv4.1.1 (Supplementary Data 4). The count table was converted to
a binary presence/absence matrix that was summarized using the ddply function of the plyr
package (v1.8.6) by the respective phylogenetic clustering methods: (1) species-level according
to order of individual species in the inferred concatenated phylogeny (BinID and Tip_Order,
Supplementary Data 17), and (2) class- and phylum-level for Archaea and phylum-level for
Bacteria corresponding to clade clustering in the concatenated phylogeny (CladeCluster and
Clade_Order, Supplementary Data 17). The percentage distribution of subunits within each
phylogenetic cluster was visualized in a bubble plot implemented using the ggplot function
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with geom_tile and facet_grid from the ggplot2 package v3.3.5. The binary presence/absence
of subunits by species was visualized with the ggplot function using geom_point and facet_
grid from ggplot2 v3.3.5. All heatmaps and bubble plots were manually merged with the
corresponding concatenated species tree in Adobe Illustrator CC v22.0.1.

Curation of eukaryotic hits

We conducted an additional step of quality control to curate eukaryotic protein sequences
potentially corresponding to the key ATP synthase subunits highlighted in Supplementary
Data 3. All eukaryotic proteins suggested to represent homologs of ATP synthase COGs
(Supplementary Data 3) were identified in the protein annotation table (Supplementary Data 2)
and the corresponding sequences were queried against the NCBI non-redundant (NCBI_nr)
database using diamond blast v2.0.8 (settings: diamond blastp -q ${sample}_seqs.faa --more-
sensitive --evalue 1le-5 --threads 20 --seq 100 --no-self-hits --db nr.dmnd --taxonmap prot.
accession2taxid.gz --outfmt 6 gseqid gtitle glen sseqid salltitles slen gstart gend sstart send
evalue bitscore length pident staxids (130). We ranked the hits by e-value and bitscore and
collected the (up to) top 10 hits per accession. Taxonomic information was mapped to the
table using the NCBI taxonomy corresponding to the taxid. Domain identity for the top 10
hits per protein sequence were summarized and any sequence with 250% hits to Bacteria was
considered putative bacterial contamination and flagged for removal (Supplementary Data 4).
In total, 326 accessions were removed and not considered for the presence-absence analysis of
the ATP synthase subunits (Supplementary Data 4). Putative contamination was also inspected
in the protein sequences used to infer ATP synthase gene phylogenies and four sequences have
been highlighted as putative bacterial contamination (Supplementary Data 4, Supplementary
Figs. 4-5, Zenodo data repository: https://doi.org/10.5281/zenod0.10012837 (74)).

PHYLOGENETICS OF ATP SYNTHASE SUBUNITS

Sequence retrieval and selection

Interpro domains that characterize the protein families corresponding to the subunits present
in the catalytic (R1) domain of the F-Type and A/V-Type ATP synthases were selected at the
family-level (131) and include: ipr005294 (F-Type alpha, hereafter ncF1), ipr005722 (F-Type
beta, hereafter cF1), ipr022878 (A/V-Type A, hereafter cA1/V1), and ipr022879 (A/V-type B,
hereafter ncA1/V1). All protein sequences assigned to the corresponding interpro domains
were extracted from the UniProt Knowledge Base (128), and were searched against the 800
reference genomes using DIAMOND v0.9.22.123 (settings: blastp -p 4 -f 6 gseqid stitle pident
length mismatch gapopen gstart gend sstart send e-value bitscore) (130). Top hits were
selected based on best e-value and sequence identity, and all unique protein accessions
(from the 800 reference taxa) were used to extract the amino acid sequences from the 800-
genome reference dataset. Sequences with undefined characters (i.e., X, x) and/or outside of
the average sequence length of homologs, i.e., 300-675 bp, were filtered from the sequence
sets. To avoid highly similar duplicates, sequences with 99-100% identity were removed using
CD-HIT (124, 125). Additionally, for consistency with the concatenated species phylogeny (see
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above), eukaryotic taxa that fell below the 65% marker gene presence cutoff (20 eukaryotic
taxa, Supplementary Data 13) were removed from the single-subunit sequence sets.

ATP SYNTHASE SUBUNIT PHYLOGENIES: cF1, ncF1, cAlV1, ncAlV1

Aseries of seven different sequence sets were generated for analysis:

1. Single subunits sets Fl-alpha (ncF1), F1-beta (cF1), A1/V1A (cA1V1), and A1/V1B (ncA1lV1)
(fourin total)

2. Combined orthologous subunits for outgroup rooting: FLA+A1/V1B (ncF1l+ncAlV) and
F1B+A1/V1A (cF1+cA1V1)

3. Allfour subunits combined

Potential duplicates were removed from the combined sets using CD-HIT v4.7 with a 100%
identity (settings: cd-hit -1) (124, 125), sequences were aligned using MAFFT L-INS-i v7.453
(settings: --reorder) (109) and trimmed using BMGE v1.12 (settings: -m BLOSUM30 -h 0.55) (110).
The best-fit model was determined using the Model Finder Plus toolimplemented in IQ-TREE2
v.2.1.2 (settings: -m MFP -mset LG -madd LG+C10,LG+C20,LG+C30,LG+C40,LG+C50,LG+C60,L-
G+C10+R+F,LG+C20+R+F,LG+C30+R+F,LG+C40+R+F,LG+C50+R+F,LG+C60+R+F --score-diff all
-bb 1000 -alrt 1000 -bnni-wbtl) (111,122, 123, 132) and the best-fitting model for each gene tree
was selected based on the Bayesian Information Criterion (BIC, Supplementary Data 8) and
used to infer the maximum-likelihood phylogeny. Genome identifiers containing the GenomelD
and protein accession were converted to a modified NCBI taxonomic string using an in-house
script (Replace_tree_names.pl, https://github.com/ndombrowski/Phylogeny_tutorial/tree/
main/Input_files/5_required_scripts). Trees were viewed in FigTree v1.4.4, and inspected for to-
pological congruence and phylogenetic artifacts to iteratively improve the sequence selection,
i.e. to exclude distant paralogs and sequences subject to long branch attraction (LBA) (133).

TRACING THE PHYLOGENETIC RELATIONSHIPS OF EUKARYOTIC F-TYPE
ATP SYNTHASES

To better resolve the evolutionary origins of eukaryotic F-type ATP synthases we constructed
phylogenies with a subset of sequences which included eukaryotic sister lineages (alphapro-
teobacteria and cyanobacteria for the mitochondrial and plastid-type F-ATP synthase,
respectively) as well as an outgroup lineage (hereafter: plastid and mitochondrial subsets).
For the plastid origin dataset, we selected all eukaryotic ATP synthase sequences from
the ncF1 and cF1 subunit gene trees (see above) that clustered with the Cyanobacteria and
added cyanobacterial and melainabacterial homologs. Similarly, the mitochondria origin
subset was generated by collecting all eukaryotic ATP synthases sequences from the ncF1
and cF1 subunit gene trees that clustered with alphaproteobacterial homologs and adding
additional alphaproteobacterial sequences and gammaproteobacterial homologs. Note that
for both the plastid and mitochondrial sets, we used an expanded selection of cyanobacte-
ria and alphaproteobacteria, respectively. Sequence selections were filtered to retain high
quality sequences without ambiguous amino acids (i.e., X and x, etc.) and within the range
of 450-550bp. Closely related paralogous sequences were removed using CD-HIT v4.7 (set-
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tings: -€ 0.99) (124, 125) and alignments were generated using MAFFT L-INS-i v7.453 (109) and
trimmed using BMGE (settings: -m BLOSUM30 -h 0.55) (110). We inferred phylogenies using
the best-fit model determined in the Model Finder Plus tool in IQ-TREE2 v2.1.2 (settings: -m
TESTONLY -mset LG -madd LG+C10,LG+C20,LG+C30,LG+C40,LG+C50,LG+C60,LG+C10+R+F,L-
G+C20+R+F,LG+C30+R+F,LG+C40+R+F,LG+C50+R+F,LG+C60+R+F --score-diff all) (111, 122, 123,
132) and the maximum-likelihood trees were constructed in IQ-TREE v1.6.10 using the best-fit
model based on the BIC (111) (Supplementary Data 8).

Additionally, we used Bayesian analysis to further verify the placement of eukaryotic F1-
type ATP synthase sequences amongst the proposed sister lineages. Due to computational
limitation, we downsampled the taxa subsets containing eukaryotes, alphaproteobacteria, and
gammaproteobacteria to a maximum of 250 taxa (ncF1: 211, cF1:185 sequences). Sequences
were cleaned, filtered, de-replicated, aligned, and trimmed using the same conditions
described above. Bayesian phylogenies were constructed using PhyloBayes-MPI (version 1.5)
using the CAT-GTR model with four discrete gamma categories for rates across sites; for each
alignment, four independent Markov Chain Monte Carlo (MCMC) chains were run. Each chain
was run over 100,000 iterations (or until convergence). Convergence was evaluated using the
bpcomp and tracecomp tools within PhyloBayes-MPI, with 1000 generations discarded as
burn-in and sub-sampling every 10 trees. The final consensus trees were generated through
bpcomp using the same settings.

ANCESTRAL SEQUENCE RECONSTRUCTION

Sequence alignments and the accompanying maximume-likelihood trees for the ATP
synthase subunits, the orthologous pairs, and the set of four combined subunits were used
to reconstruct the ancestral protein sequences. For ancestral sequence reconstruction we
used a toolimplemented in IQ-TREE2 v2.1.2 (settings: -m [model] -asr -te [maximum likelihood
tree] -keep_empty_seq) (123). Ancestral sequences were determined based on the proposed
amino acid states at specified node positions in the rooted combined ATP synthase protein
tree (Supplementary Fig. 10, Supplementary Data 7).

CONSERVED NUCLEOTIDE-BINDING MOTIFS

Untrimmed and trimmed alignments of F- and A/V-ATP synthase subunits from the 800
reference genomes (see above) were manually inspected in Jalview v2.10.5 (134) for the
presence of the WalkerA (P-loop) motif (43). The signature nucleotide-binding motif is
characterized by the amino acid sequence: GXXXXGK(T/S) where X denotes any amino acid. The
WalkerA motif sequence segment was extracted from the full alignment and used to generate
conserved motif logos in WebLogo3 v3.7.4 (135) (http://weblogo.threeplusone.com/).

DATING THE TREE OF LIFE AND ATP SYNTHASE PHYLOGENIES

The absolute time calibrations used in the dating analysis are detailed in the Supplementary
Discussion. As the fossil evidence with which to constrain early microbial evolution is limited,
we also used cross-bracing (24) to propagate the available calibrations across the tree,



ATP synthase evolution on a cross-braced dated tree of life

implemented in McmcDate (see below). In particular, we braced the LECA node that appears
in the nuclear and mitochondrial clades (setting their ages to be the same), along with all
calibrated nodes within eukaryotes that were present in two or more of the eukaryotic clades
(that is, we braced all nodes within eukaryotes where a geological calibration was applied).
Finally, we implemented a relative constraint (49) that the crown plastids must be younger
than archaeal- and mitochondrial LECA (Supplementary Discussion).

We used McmcDate (https://github.com/dschrempf/mcmc-date) for molecular dating.
McmcDate approximates the phylogenetic likelihood using a multivariate normal distribution
obtained from an estimate of the posterior distribution of trees with branch lengths measured
in average number of substitutions per site. We estimated the posterior distribution of trees
in a previous step. For this previous step we used PhyloBayes (LG+G4 model) and a fixed
phylogeny, as described above. We sampled 10,000 values of the posterior distribution of
trees and observed good convergence with estimated sample size (ESS) values of around 8000.

Using McmcDate, we sampled 12,000 time trees. We used a birth-death tree prior on the time
tree, and an uncorrelated log normal relaxed molecular clock model. We calibrated node ages
using uniform distributions with bisected normal distributions at the boundaries. Similarly,
we constrained the node order using the tails of normal distributions. We set the steepness
of the boundaries individually depending on the quality and certainty of the auxiliary data.
In a similar way, we used normal distributions to brace nodes. ESS values indicated good
convergence and ranged from 3000 to 6000.

Application of fossil calibrations to the inferred maximum-likelihood ribosomal species tree
(see above, Supplementary Fig. 20) was limited due to poor resolution of within-Eukaryote
relationships. To apply an extended set of fossil calibrations we fixed the within-eukaryote
topology to reflect established relationships among supergroups (136) and to allow the
within-eukaryote fossil calibrations to be applied to the tree (see calibrations justification,
Supplementary Discussion, Supplementary Data 18-20). In addition to these eukaryotic
constraints, one topology (hereafter, Edited1) placed the nuclear eukaryotic homologs as
the sister lineage to all asgardarchaeal and the mitochondrial homologs as the sister lineage
to a single Neorickettsia (Supplementary Fig. 12). We used a more conservative approach to
investigate the timing of LECA via the nuclear and mitochondrial eukaryotic nodes by adding
additional constraints (hereafter, Edited2) to position the nuclear homologs as the sister lineage
to the Hodearchaea (formerly Heimdallarchaeota LC3), their predicted closest asgardarchaeal
relatives (4, 137), and the mitochondrial homologs sister to all alphaproteobacteria, consistent
with previous work (107, 108) (Supplementary Fig. 13). The focal analysis described here is
derived from dating the Edited2 topology (Fig. 5C, Supplementary Figs. 13 and 16).

An Approximately-Unbiased (AU) test was applied to assess the statistical support for the
different topologies inferred from the ribosomal species trees utilized for cross-calibrated
dating. The AU test was implemented in IQ-TREE2 v.2.1.2 (123, 127) (settings: iqtree2 -s
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12Ribosomal_eLife_ArcBacEuk_gappyout_vlb.faa-m LG+C60+R+F -z Ribo_C60_trees.alltrees.
treefile -n 0 -zb 10000 -au). Results are shown in Supplementary Data 21.

In formulating the calibrations (Supplementary Discussion), we followed the best practice
principles set out in Parham et al. (2012) (138). However, these were designed with animal
and plant fossil-based calibrations and not all of the principles are applicable to calibrations
of microbial clades which often lack phenotypic synapomorphies, let alone diagnostic
characters that are preserved in fossil remains. Furthermore, the calibrations for many clades
rely on geochemical evidence of microbial metabolisms, manifest as isotope fractionation or
oxidation states of redox sensitive mineral species. Consequently, we have adapted the best
practice principles to suit the nature of the calibrations. Novel calibrations are justified in full;
we indicate the source of calibrations that are justified elsewhere, providing notes where they
have been adapted for different clades or where the dating has changed with the revision of
the geologic timescale (Supplementary Discussion).

GENE TREE-SPECIES TREE RECONCILIATION USING AMALGAMATED
LIKELIHOOD ESTIMATION (ALE)

Ultrafast bootstraps (UFBoot) were inferred for each of the ATP synthase gene trees (see
above) in IQ-TREE2v2.1.2 (111,122, 123), and the inferred maximum-likelihood concatenated
species trees (see above). ALEobserve was used to convert bootstrap distributions into ALE
objects, which were reconciled using ALEm|_undated against each of the four species trees:
those with eukaryotes, using the LG+C20+R+F and LG+C60+R+F model, and those lacking
eukaryotic sequences, with the same two models (Supplementary Data 6). These four species
tree topologies were also rooted in two different ways: a root between Archaea and Bacteria,
and a root between Gracilicutes and all other taxa. Two approaches were taken using ALE for
gene tree-species tree reconciliation. First, we used the default ALE parameters, i.e. inferring
the probability that each subunit originated at the LUCA, LBCA and LACA nodes on the prior
assumption that origination at any internal node of the species tree was equally likely. We
also tested an alternative approach (21) in which the origination probability at the root (O_R)
is different to the origination probability for all other internal nodes of the tree, with O_R
estimated by maximum-likelihood. Reconciliation analyses were performed using ALE v1.0
(https://github.com/ssolo/ALE).

To compare support for the traditional Archaea-Bacteria root for the tree of life, and an
alternative root within the Bacteria, we used gene tree-species reconciliation. We performed
gene tree-species tree reconciliation using the species tree as described above as well as
individual gene family subunit trees of ATP synthase: ncF1 (F1 alpha), cF1 (F1 beta), cA1V1 (A1/
V1A),and ncAlV1 (A1/V1B), as well as three combined gene families, ncF1+ncA1V1, cF1+cA1V1,
and all four families combined (Supplementary Data 6). Two taxon samplings were used as
described above, one with 350 Archaea and 350 Bacteria only, and another with 350 Archaea,
350 Bacteria, and 100 eukaryotes. The summed gene family likelihoods of each ATP synthase
subunit were compared using an AU test (127) as implemented in CONSEL (139) under a range
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of conditions: species trees inferred under the LG+C20+R+F and LG+C60+R+F models; samples
including and excluding eukaryotes, and two different root positions, one with the traditional
root between Archaea and Bacteria, and the second with a within-Bacteria root on the branch
leading to Gracilicutes.
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SUMMARY AND CONTRIBUTIONS

This project was a massive collaborative effort requiring the expertise of members from four
research groups across three time zones during the COVID-19 pandemic lockdown period.
The goal of this project was to examine bacterial evolution, namely to infer a rooted bacterial
phylogeny without including an archaeal outgroup, to assess the verticality of bacterial
evolution, and examine the nature of the last bacterial common ancestor (LBCA). Gene tree-
species tree reconciliation implemented with Amalgamated Likelihood Estimation (ALE) was
used to model the evolutionary histories of 11,272 gene families from all bacteria in this study,
against a species tree of those same bacteria. ALE quantifies instances of gene duplications,
transfers, originations, and losses (DTL), and assigns a probability (posterior probability, PP)
for genes families across the species phylogeny. Different root positions were statistically
tested considering the gene families’ evolutionary histories along the species tree, resulting
in a statistically favored root position between the two major bacterial clades, Terrabacteria
and Gracilicutes, and that the candidate phyla radiation (CPR) share a common ancestor with
the Chloroflexota. Both findings challenge proposals that the root of the bacterial tree sits
between the CPR and all other Bacteria, and instead highlights that the CPR likely evolved
via genome reduction from a free-living ancestor and that their compositional biases result
in phylogenetic artifacts in traditional outgroup rooting methods. Modeling the duplications,
transfers, originations, and losses also provides the foundation for quantifying the degree of
vertical and horizontal gene flow acting upon bacterial evolutions. Results indicated that the
majority of genes (92%) experience some level of horizontal transfer during their evolutionary
history, however 66% of all genes were transmitted vertically (and 34% horizontally), which
together make a tree a suitable representation of bacterial evolution. The PP values assigned
to COG families were used to determine the presence or absence of genes and metabolic
pathwaysin LBCA. We inferred LBCA to be an already complex rod-shaped diderm, with flagella,
pili, and lipopolysaccharides. While several carbohydrate metabolizing pathways had high
support, carbon fixation pathways were more patchily recovered. We resolved components of
the Wood-Ljungdahl pathway, the tricarboxylic acid (TCA) cycle, and the pentose phosphate
pathway (PPP), but did not recover key enzymes and the directionality of some reactions is
debated. However, there was high support for components of the Rhodobacter nitrogen-fixing
(Rnf) complex, which together with the inferred methyl branch of the WLP pathway could hint
at possible acetogenic growth in LBCA. Finally, we found a near-complete CRISPR-Cas system,
implying that LBCA was likely exposed to viruses and other parasitic replicators.

Phylogenomic analyses, including the outgroup-free rooting and measure of verticality,
were primarily conducted by Gareth A. Coleman, Adrian A. Davin, Lénard L. Szanthé, Philip
Hugenholtz, Gergely J. Sz6ll6si, and Tom A. Williams, with Gergely J. Sz6ll6si being the primary
contributor of new analytical techniques. The metabolic reconstruction was performed by
myself, Gareth A. Coleman, Adridn A. Davin, and Anja Spang. Data analysis and writing sessions
were several hours long and occurred 1-2 times per week with all authors. | participated in
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additional weekly meetings with Gareth A. Coleman and Anja Spang to analyze the gene
content and metabolic profile of the last bacterial common ancestor (LBCA).

My specific methodological contributions include the following: | annotated all gene sequences
comprising the clustered gene families used in the probabilistic gene tree-species tree
reconciliations. | assessed the consistency of different annotation profiles (i.e., KOs vs COGs)
in coverage of the assigned COG family and filtered out families that did not have at least 50%
coverage by a single KO congruent with the COG family identity. | compiled all relevant COG
families, their descriptions, categories, corresponding KOs, KO descriptions, and assigned
posterior probabilities (PP) across all nodes and tips in the concatenated species tree, from two
analyses (focal and secondary), into large data tables for parsing. My metabolic reconstruction
analysis focused on nine ancestral node positions: Root 1, Root 2, Root 3, Terrabacteria +
DST, Terrabacteria, Gracilicutes, CPR + Chloroflexota, Chloroflexota, and CPR. Together with
Gareth A. Coleman and Anja Spang, we formulated a procedure from which to assess the
presence or absence of key gene families in the reconstruction. We assigned three PP ranges
including high (PP>0.95), moderate (PP=0.75-0.95), and low (PP=0.50-0.75), with anything
below 0.50 being considered absent. Across the focal and secondary datasets, | identified
COGs (and their corresponding KOs) affiliated with key metabolic and biosynthetic pathways,
including: carbohydrate metabolism, carbon metabolism, cell structure proteins, motility and
chemotaxis, lipid biosynthesis, cell division, energy generation, and defense mechanisms,
among others.

| parsed the table of all genes assessed in the reconciliations and assessed their presence/
absence based on the PP values or combination of overall PP values for gene families associated
with enzymatic complexes or pathways. I carefully inspected the reconciled genes to develop
a profile of LBCA’s carbon metabolism, autotrophy, respiratory complexes, and defense
mechanisms. | assisted with the construction of the KEGG metabolic pathways presence/
absence diagraminfig. S17 (see supplementary information). In addition, | designed a heatmap
to visualize the percentage distribution of COGs per clade in the rooted concatenated species
tree and across the nine highlighted node positions (see fig. S18). | designed and built the
main text Fig. 4 (ancestral reconstruction of LBCA) with Gareth A. Coleman and Anja Spang.
I finalized all PP values across all visual reconstructions (Fig. 4, fig. S17) and all texts (main,
supplemental, and additional). | contributed to data interpretation of the metabolic inference
but also the phylogenomic results, visualization, and writing and revision of the original and
final versions of the manuscript.
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RESEARCH ARTICLE SUMMARY
STRUCTURED ABSTRACT

INTRODUCTION

Bacteria are the most diverse and abundant cellular organisms on Earth, and in recent years
environmental genomics has revealed the existence of an enormous diversity of previously
unknown lineages. Despite the abundance of genomic sequence data, the root of the bacterial
tree and the nature of the most recent common ancestor of Bacteria have remained elusive.
The problem is that even with the help of new data, tracing billions of years of bacterial
evolution back to the root has remained challenging because standard phylogenetic models
do not account for the full range of evolutionary processes that shape bacterial genomes.
In particular, standard models treat horizontal gene transfer as an impediment to the
reconstruction of the tree of life that must be removed from analyses. But if horizontal gene
transfer is modeled appropriately, it can provide information about the deep past that is
unavailable to standard methods.

RATIONALE

We reconstructed and rooted the bacterial tree by applying a hierarchical phylogenomic
approach that explicitly uses information from gene duplications and losses within a genome
as well as gene transfers between genomes. This approach allowed us to root the tree without
including an archaeal outgroup. Outgroup-free rooting is a promising approach for Bacteria,
both because the position of the universal root is uncertain and because the long branch
separating Bacteria from Archaea has the potential to distort the reconstruction of within-
Bacteria relationships. Outgroup-free gene tree-species tree reconciliation allowed us to
quantitatively model both the vertical and horizontal components of bacterial evolution
and integrate information from 11,272 gene families to resolve the root of the bacterial tree.
Notably, these analyses also provided estimates of the gene content of the last bacterial
common ancestor.

RESULTS

Our analyses place the root between two major bacterial clades, the Gracilicutes and
Terrabacteria. We found no support for a root between the Candidate Phyla Radiation (CPR),
a lineage comprising putative symbionts and parasites with small genomes, and all other
Bacteria. Instead, the CPR was inferred to be a member of the Terrabacteria and formed a
sister lineage to the Chloroflexota and Dormibacterota. This suggests that the CPR evolved
by reductive genome evolution from free-living ancestors. Gene families inferred to have
been present at the root indicate that the last bacterial common ancestor was already a
complex double-membraned cell capable of motility and chemotaxis that possessed a
CRISPR-Cas system. Although ~92% of gene families have experienced horizontal transfers
during their history, tracing their evolution along the most likely rooted tree revealed that
about two-thirds of gene transmissions have been vertical. Thus, bacterial evolution has a
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major vertical component, despite a profound impact of horizontal gene transfer through
time. Horizontal gene flows can also provide insight into the temporal sequence of events
during bacterial diversification, because donor lineages must be at least as old as recipients.
Analysis of gene transfers in our dataset suggests that the diversification of the Firmicutes,
CPR, Acidobacteriota, and Proteobacteria is the oldest among extant bacterial phyla.

CONCLUSION

The vertical and horizontal components of genome evolution provide complementary
sources of information about bacterial phylogeny. The vertical component provides a robust
framework for interpreting species diversity and allows us to reconstruct ancestral states,
while the horizontal component helps to root the vertical tree and orient it in time. The inferred
Gracilicutes-Terrabacteria root will be useful for investigating the tempo and mode of bacterial
diversification, metabolicinnovation, and changes in cell architecture such as the evolutionary
transitions between double (diderm) and single (monoderm) membranes. Future development
of methods that harness the complementarity of vertical and horizontal gene transmission
will continue to further our understanding of life on Earth.

Rooted bacterial tree of life

Gracilicutes Terrabacteria Average gene transmission

66%
vertical

CPR
34%

horizontal

...... == Ao~ Speciation

Fusobacteriota LBCA

Last bacterial common ancestor (LBCA)

e s S

=» Rod-shaped cell
=» Diderm with outer membrane
== Motility and chemotaxis

= CRISPR-Cas system
RN NN e

® Ribosomes DNA/nucleoid

Arooted phylogeny of Bacteria. The reconciliation of bacterial gene phylogenies places the root between
the major clades of Gracilicutes (including Proteobacteria and Bacteroidota) and Terrabacteria (including
Firmicutes and Cyanobacteria). On the basis of this hypothesis, ancestral genome reconstruction predicts
that the last bacterial common ancestor (LBCA) was a complex, double-membraned cell and that, on
average, two-thirds of gene transmissions have been vertically inherited along this rooted tree.
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ABSTRACT

A rooted bacterial tree is necessary to understand early evolution, but the position of the
root is contested. Here, we model the evolution of 11,272 gene families to identify the root,
extent of horizontal gene transfer (HGT), and the nature of the last bacterial common ancestor
(LBCA). Our analyses root the tree between the major clades Terrabacteria and Gracilicutes
and suggest that LBCA was a free-living flagellated, rod-shaped double-membraned organism.
Contrary to recent proposals, our analyses reject a basal placement of the Candidate Phyla
Radiation, which instead branches sister to Chloroflexota within Terrabacteria. While most
gene families (92%) have evidence of HGT, overall, two-thirds of gene transmissions have
been vertical, suggesting that a rooted tree provides a meaningful frame of reference for
interpreting bacterial evolution.
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A species tree captures the relationships among organisms but requires a root to provide
the direction of evolution. Rooting deep radiations (1) is among the greatest challenges in
phylogenetics, and there is no consensus on the root of the bacterial tree. On the basis of
evidence (2-5)) that the root of the tree of life lies between Bacteria and Archaea, early analyses
with an archaeal outgroup placed the bacterial root near Aquificales and Thermotogales (6,
7) or Planctomycetes (8). Alternative approaches, including analyses of gene flows and the
evolution of multimeric protein complexes as well as other complex characters (9), have
instead suggested roots within the monoderm (single-membrane) Bacteria (10) or between
Chloroflexi and all other cellular life (9). The development of techniques for sequencing
microbes directly from environmental samples, without the need for laboratory cultivation,
has greatly expanded the genomic representation of natural prokaryotic diversity (11-14).
Recent phylogenomic analyses of expanded sets of diverse bacteria have placed the root
between one of the recently identified groups, the Candidate Phyla Radiation [CPR, also known
as Patescibacteria (15, 16)] and all other Bacteria (11, 16, 17). The CPRis characterized by small
cells and genomes that appear to have predominantly symbiotic or parasitic lifestyles, but
much remains to be learned about their ecology and physiology (15, 17-19)). If correct, the early
divergence of the CPR has important implications for our understanding of the earliest period
of cellular evolution. Along with evidence that the root of the archaeal domain lies between
the reduced and predominantly host-associated DPANN superphylum (originally named after
Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaeota)
and all other Archaea (1, 20), the CPR root implies that streamlined, metabolically minimalist
prokaryotes have coexisted with the more familiar, self-sufficient lineages throughout the
history of cellular life (19, 21).

Improved taxon sampling can help to resolve evolutionary relationships (22, 23), and the
quantity and diversity of genome sequence data now available presents an opportunity to
address long-standing questions about the origins and diversification of Bacteria. However,
deep phylogenetic divergences are difficult to resolve, both because the phylogenetic signal
for such relationships is overwritten by new changes over time, and also because the process
of sequence evolution is more complex than the best-fitting models currently available. In
particular, variation in nucleotide or amino acid composition across the sites of the alignment
and the branches of the tree can induce long branch attraction (LBA) artifacts in which deep-
branching, fast-evolving, poorly sampled or compositionally biased lineages group together
irrespective of their evolutionary history (24). These issues are widely appreciated (11) but are
challenging to address adequately, particularly when sequences from thousands of taxa (11,
13,14, 16, 17) are used to estimate trees of global prokaryotic diversity, which precludes the
use of the best-fitting phylogenetic methods available.
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ARCHAEAL OUTGROUP ROOTING DOES NOT UNAMBIGUOUSLY
ESTABLISH THE ROOT OF THE BACTERIAL TREE

The standard approach to rooting is to include an outgroup in the analysis, and all published
phylogenies in which CPR forms a sister lineage to the rest of the Bacteria (11, 16, 17) have
made use of an archaeal outgroup. Outgroup rooting on the bacterial tree, however, has three
serious limitations. First, interpretation of the results requires the assumption that the root of
the tree of life lies between Bacteria and Archaea. While this is certainly the consensus view,
the available evidence is limited and difficult to interpret (2-5, 25), and alternative hypotheses
in which the universal root is placed within Bacteria have been proposed on the basis of indels
(26, 27) or the analysis of slow-evolving characters (9). Second, the long branch leading to
the archaeal outgroup has the potential to distort within-Bacteria relationships because of
LBA. Third, joint analyses of Archaea and Bacteria use a smaller number of genes that are
widely conserved and have evolved vertically since the divergence of the two lineages, and
sequence alignment is more difficult owing to the low sequence identity between homologs
of the two domains.

We evaluated the performance of outgroup rooting on a bacterial tree using 265 Bacteria
(see below) and 149 Archaea from a shared subset of 29 phylogenetic markers (table S1).
Using this archaeal outgroup, the maximum likelihood (ML) phylogeny under the best-fitting
model (LG+C60+R8+F, which accounts for site heterogeneity in the substitution process)
placed the bacterial root between a clade comprising Cyanobacteria, Margulisbacteria,
CPR, Chloroflexota, and Dormibacterota on one side of the root and all other taxa on the
other (fig. S1). However, bootstrap support for this root, and indeed many other deep
branchesin both the bacterial and archaeal subtrees, was low (50 to 80%). We therefore used
approximately unbiased (AU) tests (28) to determine whether a range of published alternative
rooting hypotheses (table S2) could be rejected, given the model and data. The AU test asks
whether the optimal trees that are consistent with these other hypotheses have a significantly
worse likelihood score than the ML tree. In this case, the likelihoods of all tested trees were
statistically indistinguishable (AU test, P> 0.05, table S2), indicating that outgroup rooting
cannot resolve the bacterial root on this alignment.

AN ALTERNATIVE TO OUTGROUP ROOTING FOR DEEP MICROBIAL
PHYLOGENY

Given the limitations of using a remote archaeal outgroup to establish the root of the bacterial
tree, we explored outgroup-free rooting using gene tree-species tree reconciliation (1, 29-31).
We recently applied this approach to root the archaeal tree (1), and similar approaches have
been used to investigate the root of eukaryotes (32, 33) and to map and characterize whole-
genome duplications in plants (34). Gene tree-species tree reconciliation methods work by
adding a layer to the standard framework for inferring trees from molecular data. This additional
step models the way in which gene trees can differ from each other and the overarching rooted
species tree. Substitution models [such as LG (35)] describe how the constituent sequences of
a gene family evolve along a gene tree via a series of amino acid substitutions that allow us to
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infer the most likely gene tree. Reconciliation models describe how a gene tree evolves along
the rooted species tree, beginning with gene birth (origination) and followed by a combination
of vertical descent and events such as gene duplications, transfers, and losses (this series
of events is known as a DTL reconciliation). Combining the substitution-based modeling of
sequences along the gene tree with the reconciliation-based modeling of gene trees along a
rooted species tree allows us to infer the most likely rooted species tree from the constituent
gene families. In other words, reconciliation methods aggregate phylogenetic signal across
gene families and, because the likelihood of reconciliations depends on the position of the
root, can be used to test the support for competing root positions (1, 29), providing a genome-
wide (and gene transfer-aware) extension of the classical approach used to root the tree of
life on the basis of ancient gene duplications (3, 4).

Our method, amalgamated likelihood estimation (ALE), improves on earlier approaches by
explicitly accounting for uncertainty in the gene tree topologies and in the events leading to
those topologies while simultaneously estimating rates of gene duplication, transfer, and loss
directly from the data (31). Simulations suggest that root inferences under ALE are robust to
variation in taxon sampling and the proportion of extinct lineages (fig. S2), that the method
finds the correct root even under high levels of gene transfer (1, 29), and that the numbers of
D, T,and L events are accurately recovered from the data (figs. S3 to S8). These results suggest
that ALE is appropriate for the problem at hand (36).

ROOTING BACTERIA WITHOUT AN OUTGROUP

To obtain an unrooted species tree for ALE analysis, we selected a focal dataset of 265 genomes
representative of bacterial diversity according to the Genome Taxonomy Database (GTDB) (13).
We inferred the tree from a concatenation of 62 conserved single-copy markers (table S1) using
the LG+C60+R8+F modelin IQ-Tree 1.6.10 (Fig. 1), which was chosen as the best-fitting model
using the Bayesian information criterion (BIC) (37). This yielded highly congruent trees when
removing 20 to 80% of the most compositionally heterogeneous sites from the alignment (fig.
S9), suggesting that the key features of the topology are not composition-driven LBA artifacts.
One exception was the position of the Fusobacteriota, which was recovered as a sister lineage
to a clade comprising Deinococcota, Synergistota, and Thermotogota (DST) when 20% of
the most heterogeneous sites were removed (fig. S9A) but was recovered as a single lineage
between Terrabacteria plus DST and Gracilicutes in all other trees.
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Fig. 1| Arooted phylogeny of Bacteria. (A) We used gene tree-species tree reconciliation to infer the root
of the bacterial tree. The unrooted maximum likelihood phylogeny was inferred from a concatenation
of 62 marker genes under the best-fitting model, LG+C60+R8+F, which accounts for site heterogeneity
in the substitution process and uses a mixture of eight substitution rates estimated from the data to
model across-site evolutionary rate variation. Branches are colored according to bootstrap support
value. The root falls between two major clades of Bacteria, the Gracilicutes and the Terrabacteria, on
one of three statistically equivalent adjacent branches indicated by arrows, shown as rooted trees in (B).
All alternative roots tested were rejected (tables S3 and S4), with likelihoods decreasing as a function of
distance from the root region, as shown in (C). Previously proposed root positions, including the CPR root,
are highlighted in red. FCB are the Fibrobacterota, Chlorobia, Bacteroidota, and related lineages; PVC are
the Planctomycetota, Verrucomicrobiota, Chlamydiota, and related lineages; DST are the Deinococcota,
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Synergistota, and Thermotogota; ACD are Aquificota, Campylobacterota, and Deferribacterota; F/A are
Firmicutes and Actinobacteriota; MBDD are Myxococcota, Bdellovibrionota, Desulfomonadota, and
Desulfobacterota. Scale bar, 0.3 amino acid substitutions per site.

We used ALE to test the support for 62 root positions (tables S3 and S4) on the unrooted
topology by reconciling gene trees for 11,272 homologous gene families [inferred using MCL
(38)] from the 265 bacterial genomes. Note that this method does not assume that the root
lies between Bacteria and Archaea. In addition to testing root positions corresponding to
published hypotheses, we exhaustively tested all inner nodes of the tree above the phylum
level. The ALE analysis rejected all of the root positions tested (AU test, P < 0.05) except for
three adjacent branches, lying between the two major clades of Gracilicutes (comprising most
diderm lineages) and Terrabacteria (comprising monoderm and atypical diderm lineages) (Fig.
1); the difference between the three root positions was the position of the Fusobacteriota in
relation to these two major clades (Fig. 1B). Alternative roots were rejected with increasing
confidence as distance from the optimal root region increased (Fig. 1C and table S3).

We tested the robustness of the inferred root region by (i) excluding gene families with extreme
duplication, transfer, or loss rates; (ii) repeating the analysis using gene families constructed
with an assignment to families in the Clusters of Orthologous Genes (COG) (39) ontology; and
(iii) repeating the analysis on a secondary independent sampling of the tree, in which CPR
makes up 40% of the genomes (11) (figs. S10 to S13 and table S5). These analyses consistently
recovered the root between the Gracilicutes and Terrabacteria, regardless of the position of
the Fusobacteriota. A Gracilicutes-Terrabacteria root was previously reported (40, 41), but
these studies did not include the CPR, which has recently been suggested to represent the
earliest diverging bacterial lineage (11, 16). Our outgroup-free analysis consistently recovered
CPR nested within the Terrabacteria, as a sister clade to Chloroflexota and Dormibacterota,
even with CPR representing more than 40% of the taxa included. This finding implies that
the CPR evolved by genome reduction from a free-living ancestor, a scenario that has been
proposed previously (21).

Transfers contain information about the relative timing of divergences, because for each
transfer, the donor must be at least as old as the recipient (42, 43). To establish the relative
ages of the crown groups of different phyla, we used high-confidence relative age constraints
recovered in at least 95 of 100 bootstrap replicates common to the focal and secondary
datasets (36). Simulations suggest that this approach accurately recovers relative clade
ages (98.4% accuracy on a simulated dataset the same size as the focal dataset, fig. S14).
Our analysis (Fig. 2) predicts that the Firmicutes crown group is the oldest among extant
bacterial phyla (median rank: 2 + 1.43 SD) followed by the crown groups of the CPR (median
rank: 3 + 2), Proteobacteria (median rank: 3 + 1.59), and Acidobacteriota (median rank: 3 +
1.56), suggesting that these lineages were the earliest to diversify within Bacteria. The crown
groups of lineages predominantly associated with animal hosts, Spirochaetota (median rank:
10 + 0.85) and Elusimicrobiota (median rank: 11 + 0.62), appear to be the youngest among
extant phyla.
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Fig. 2 | Relative crown group ages of major bacterial phyla. Gene transfers that occurred during
the diversification of Bacteria provide a record of the temporal sequence of events. We used the
information provided by directional (donor-to-recipient) patterns of gene transfer to infer the relative
ages of bacterial crown groups, focusing on phyla represented by at least five genomes in both of our
datasets. To summarize this time information, we sampled 1000 time orders that were fully compatible
with the constraints recovered from both datasets. (A) Pairwise relative ages of phyla. The proportion of
sampled time orders in which each phylum on the x axis was recovered as younger than each phylum on
the y axis. (B) Relative age distributions of major phyla. For each sampled time order, we ranked the phyla
from oldest (1) to youngest (11) and plotted the distribution of the ranks. The crown group radiations
of Firmicutes, CPR, Proteobacteria, and Acidobacteriota appear to be the oldest among sampled phyla,
while those of Elusimicrobiota and Spirochaetota are the youngest.

IS BACTERIAL EVOLUTION TREELIKE?

How much of bacterial evolution can be explained by the concept of a rooted species tree?
Horizontal gene transfer (HGT) is frequent in prokaryotes, and published analyses indicate
that most or all prokaryotic gene families have experienced HGT during their history (1, 44).
Thisimplies that there is no single tree that fully describes the evolution of all bacterial genes
or genomes (45, 46). Extensive HGT is existentially challenging for concatenation, because it
greatly curtails the number of genes that evolve on a single underlying tree (47). Phylogenetic
networks (46, 48) were the first methods to explicitly acknowledge nonvertical evolution, but
they can be difficult to interpret biologically. Gene tree-species tree reconciliation unites tree
and network-based approaches by modeling both the horizontal components of genome
evolution (a fully reticulated network allowing all possible transfers) and the vertical trace
(a common rooted species tree). This framework enables us to quantify the contributions of
vertical and horizontal processes to bacterial evolutionary history.

Our analyses (Fig. 3) reveal that most bacterial gene families present in two or more species
(9678 of 10,518 MCL families, or 92%) have experienced at least one gene transfer during their
evolution; only very small families have escaped transfer entirely on the time scales considered
here (fig. S15). Consistent with previous analyses (1, 49), transfer rates vary across gene
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functional categories, with genes encoding proteins involved in defense mechanisms (such
as antibiotic biosynthesis) and in the production of secondary metabolites being the most
frequently transferred, and those coding for translational and cell cycle proteins the least (Fig.
3B). Despite this accumulation of HGT, most gene families evolve vertically the majority of the
time, with mean verticality estimated to be 64% in the focal and 68% in the secondary dataset.
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Fig. 3| The verticality of bacterial genome evolution. (A) The rooted bacterial species tree (Fig. 1), with
branches colored according to verticality: the fraction of genes at the bottom of a branch that descend
vertically from the top of that branch (see inset; V, vertical; O, origination; T, transfer into a branch) (36).
Node heights reflect relative time order consistent with highly supported gene transfers (Fig. 2). (B)
Transfer propensity by COG functional category; that is, the proportion of gene tree branches that are
horizontal T/(V+T) for COG gene families. Genes involved in information processing, particularly translation
(J), show the lowest transfer propensity (median: 0.31), while genes involved in cell defense mechanisms
(V, such as genes involved in antibiotic defense and biosynthesis) are most frequently transferred
(median transfer propensity: 0.47). (C) From the genome’s eye view, this combination of vertical and
horizontal processes gives rise to a distribution of gene persistences (residence times), reflecting the
pointin evolutionary history [within the Crown group, on the Stem, or earlier (Before)] at which the gene
was most recently acquired. Across all phyla examined, 82% of genes on sampled genomes were most
recently acquired since the crown group radiation of that phylum. Lineage acronyms are as in Fig. 1.
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Genome-wide reconciliation of gene trees with the species tree demonstrates that the optimal
rooted species tree provides an apt summary of much of bacterial evolutionary history, even
for the deepest branches of the tree (50). From the gene’s eye view, gene families evolve
neither entirely vertically nor horizontally; core genes are occasionally transferred, and even
frequently exchanged genes contribute useful vertical signal; for example, the median number
of genes that evolve vertically on a branch of the species tree is 998.92 in the focal analysis
(table S6), far greater than the number of genes that have been concatenated at the level of
all Bacteria. From the perspective of the genome, constituent genes have different ages (or
residence times), corresponding to the time at which they originated or were most recently
acquired by gene transfer, within the resolution of our taxonomic sampling.

This analysis indicates that, on average, 82% of all genes from adequately represented
phyla (five or more genomes) were most recently acquired after the diversification of that
phylum, although all genomes retain a smaller proportion (10 to 27%) of genes that have
descended vertically from the stem lineage of their phylum or even earlier (Fig. 3C). There are
two explanations for this distribution of gene persistence times: (i) de novo gene origination
within phyla (that is, lineage-specific gene families) and (ii) the cumulative impact of gene
transfer, which curtails gene persistence times when looking back from the present day even
though most transmissions are vertical.

ANCESTRAL PROTEOME OF THE LAST BACTERIAL COMMON
ANCESTOR

Reconciliation analyses not only allow us to infer the acquisition of genes across the tree but
also to estimate the metabolic potential of the last bacterial common ancestor (LBCA). We
built a second, smaller set of COG-based gene families better suited for functional annotation
and reconciled their gene trees with the species tree (36). In the following reconstruction,
we indicate when gene content inferences differ between roots (36). Posterior probabilities
(PPs) for genes directly relevant to our reconstruction are provided in table S7, and all of the
pathways we discuss below were confirmed in our analysis of the secondary dataset (36). From
the root placement and estimated rates of gene family extinction in the focal analysis (1), we
predict that LBCA encoded 1293 to 2143 COG family members, the majority of which (median
estimates: 65 to 69.5%; 95% confidence interval: 57 to 82%) survived to be sampled in at
least one present-day genome. On the basis of the relationship between COG family members
and genome size for extant Bacteria (Pearson’s correlation coefficient=0.96, P =8 x 1073),
we estimate the genome size of LBCA to be 2.7 + 0.4 Mb (SE) for root 1 of the focal analysis
(Fusobacteriota with Terrabacteria) (Fig. 1B), 2.6 + 0.4 Mb for root 2 (Fusobacteriota with
Gracilicutes), and 1.6 £ 0.5 Mb for root 3 (Fusobacteriota root). Under all three roots, the trend
in genome size evolution from LBCA to modern taxa is an ongoing moderate increase through
time in estimated COG family complements and genome sizes. The most notable departure
from this trend is a reduction in genome size of between 0.47 and 0.56 Mb on the CPR stem
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lineage after divergence from their common ancestor with Chloroflexota and Dormibacterota
(fig. S16). COG families lost on the CPR stem include components of the electron transport
chain, carbon metabolism, flagellar biosynthesis and motor switch proteins, amino acid
biosynthesis, the Clp protease subunit ClpX, and RNA polymerase sigma factor-54 (table S8),
consistent with their absence in extant CPR (18).

The inferred ancestral gene set for LBCA includes most components of the modern bacterial
transcription, translation, and DNA replication systems (table S7). This gene set also includes
an FtsZ-based cell division machinery and pathways for signal transduction, membrane
transport, and secretion (Fig. 4) (36). Further, we identified proteins involved in bacterial
phospholipid biosynthesis, suggesting that LBCA had bacterial-type ester-lipid membranes
(Fig. 4). We also identified most of the proteins required for flagella and pili synthesis and those
for quorum sensing, suggesting that LBCA was motile (51, 52). Given that bacterial genes are
typically maintained by strong purifying selection (53), these findings imply that LBCA lived in
an environment in which dispersal, chemotaxis, and surface attachment were advantageous.
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Fig. 4 | Ancestral reconstruction of the last bacterial common ancestor (LBCA). The reconstruction is
based on genes that could be mapped to at least one branch within the root region with a PP > 0.5 (figs.
S17 and S18) (36). The presence of a gene within a pathway is indicated as shown in the key. Our analyses
suggest that LBCA was a rod-shaped, motile, flagellated double-membraned cell. We recover strong
support for central carbon pathways, including glycolysis, the TCA cycle, and the pentose phosphate
pathway. We did not find unequivocal evidence for the presence of a carbon fixation pathway, but we did
find moderate support for components of both the WLP and the reverse TCA cycle. Although not depicted
here, our analyses suggest that the machinery for core information processing and quorum sensing was
also presentin LBCA (table S7). As depicted in the key, arrows and boxes are shaded to indicate presence
probabilities and, for multisubunit complexes, the number of subunits recovered with PP >0.5. Note that
the recovery of individual subunits for larger complexes does not imply that the complex was present
[see online data supplement (80) for further discussion].

Moderate support for the presence of the shape-determining proteins MreB (PP =0.9, 0.71,
and 0.49 for roots 1 to 3, respectively, as depicted in Fig. 1B), MreC (PP = 0.82/0.78/ 0.68), and
MreD (PP =0.86/0.84/0.74) at the root suggests that LBCA was a rod-shaped cell (52). We also
obtained high root PPs for proteins mediating outer cell envelope biosynthesis, including
lipopolysaccharides (LPSs), from which we infer that LBCA had a double membrane with an LPS
layer (36). Consistent with this inference, there was strong support for the flagellar subunits
FlgH, Flgl, and FgA, which anchor flagella in diderm membranes (54), and for the type IV pilus
subunit PilQ, which among extant bacteria is specific to diderms (54, 55). Altogether, this
supports hypotheses (9) in which LBCA was a diderm (54-56) and argues against scenarios
in which the Gram-negative double membrane originated by endosymbiosis between
monoderms [single-membraned bacteria (10)] or via the arrest of sporulation (57) in a spore-
forming monoderm ancestor. Thus, diderm-to-monoderm transitions must have occurred
subsequently on multiple occasions within Bacteria (54-56).
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We recovered components of several core pathways for carbohydrate metabolism with high
posterior support, including glycolysis, the tricarboxylic acid (TCA) cycle, and the pentose
phosphate pathway (Fig. 4, figs. S17 and S18, and table S7) (36). Modern bacteria fix carbon
using several different pathways, including the Calvin cycle, the 3-hydroxypropionate bicycle
and variations thereof, the reductive glycine pathway (58), the Wood-Ljungdahl pathway (WLP),
and the reverse TCA cycle, of which the latter two have been suggested to have emerged early
in the history of life (41, 59-63). Of these, we identified several enzymes of the TCA cycle and
the reductive glycine pathway, although we did not recover the key enzymes of either pathway,
and the directionality of the recovered enzymes is difficult to assess (64) (Fig. 4 and figs. S17 and
S18). Furthermore, we identified several enzymes of the methyl branch of the WLP for acetate
biosynthesis and components of a putative Rhodobacter nitrogen-fixing (RNF) complex (Fig.
4 and figs. S17 and S18), which together may indicate that LBCA was capable of acetogenic
growth (36, 65). However, the key enzyme of the WLP, the carbon monoxide dehydrogenase/
acetyl coenzyme A synthase complex (41), had only moderate root support (PP = 0.5 to 0.75) for
two subunits and low support (PP <0.5) for other subunits. Thus, while our analyses support the
antiquity of components of the WLP, acetogenesis, the TCA cycle, and several other core metabolic
pathways, they do not confidently establish the combination of pathways used by LBCA (36).

Finally, our reconstruction also indicated high posterior support for elements of an adaptive
immune CRISPR-Cas system (66, 67), including the universally conserved Cas endonuclease, Casl
(PP =0.96/0.93/0.89), essential for spacer acquisition and insertion into CRISPR cassettes (68, 69).
Among other roles, CRISPR systems are crucial in antiviral defense and are activated in response to
viral exposure (70); therefore, these findings are consistent with hypotheses suggesting that LBCA
was already coevolving with parasitic replicators such as bacteriophages and plasmids (71, 72).

VERTICAL AND HORIZONTAL EVOLUTION ARE COMPLEMENTARY

Here, we have used reconciliation methods to model both the vertical and horizontal
components of bacterial evolution. These components are complementary, illuminating
different facets of bacterial evolution, and we show that the horizontal component can be
used to root and orient the vertical tree. Our analyses root the Bacteria between two major
clades, the Terrabacteria and Gracilicutes, in contrast to recent outgroup-rooted analyses
that place the root on the CPR branch. Instead, we predict that CPR evolved from a common
ancestor with the Chloroflexota and Dormibacterota by reductive evolution. We infer that the
last bacterial common ancestor was a fully fledged free-living diderm cell with an LPS layer, a
multimeric flagellum, and a type Il CRISPR-Cas system.

Phylogenetic models are necessarily simplified, and there is much work to be done to better capture
the full heterogeneity of the evolutionary process in the reconciliation framework, from varying
diversification rates to endosymbioses. With increased sampling and improved methods, reconciliation
analyses should be able to probe still deeper into the early evolutionary history of life on Earth.
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METHODS SUMMARY

PHYLOGENETICS

We used two alternative approaches to assemble representative sets of bacterial genomes. In
the focal analysis, we sampled 265 genomes evenly from across the GTDB taxonomy (13). In
the secondary analysis, we sampled 341 genomes according to the diversity of major bacterial
lineages reported in a previous study (11). We used the OMA (73) algorithm to identify candidate
single-copy orthologs and manually inspected initial single gene trees to identify a set of 62
congruent phylogenetic markers. Sequences were aligned using MAFFT 7.453 (74) and trimmed
using BMGE 1.12 (75) with the BLOSUM30 matrix. Unrooted species trees were inferred from a
concatenation of the 62 markers under the LG+C60+R8+F model in IQ-TREE 1.6.10 (76), which
was the best-fitting model according to the BIC (37). To perform outgroup rooting analyses, we
searched the genomes of 148 Archaea for orthologs of the 62-marker gene set and identified
a subset of 29 genes with congruent single-gene phylogenies. AU tests (28) were performed
in IQ-TREE.

GENE TREE-SPECIES TREE RECONCILIATION

To infer gene families, we performed all-versus-all DIAMOND (77) searches among the
input protein sets and clustered the results using the MCL algorithm (38) with an inflation
parameter of 1.2. Gene clusters were aligned and trimmed as described above, and bootstrap
distributions inferred under the best-fitting model in IQ-TREE. We used ALEml_undated (31)
to perform gene tree-species tree reconciliation. The relative ages of bacterial crown groups
were estimated with MaxTiC (43) using only those transfer-based age constraints that were
recovered in both the focal and secondary datasets. Estimates of gene family and lineage
verticality were averaged over the reconciliations obtained in the focal analysis when rooting
on each of the three candidate branches in the root region.

SIMULATIONS AND SENSITIVITY ANALYSES

To evaluate ALE performance, we simulated gene family evolution using Zombi (78) combined
with rejection sampling to obtain sets of simulated gene families similar to the real data in terms
of inferred DTL events. We then compared simulated and inferred numbers of events under a
range of conditions (36). To evaluate the robustness of root inferences, we ordered gene families
by decreasing DTL rates, rate ratios, and a range of other proxies for lack of informativeness
and potential for introducing bias (36) and compared the likelihoods of competing root
hypotheses as increasing proportions of gene families were excluded from the calculation.

ANCESTRAL METABOLIC RECONSTRUCTION

We inferred COG gene families by assigning the sequences on each sampled genome to gene
families from the COG ontology (39) using eggNOG-mapper 2 (79), which were then used to
perform gene tree-species tree reconciliation. Root origination probabilities for each of the
23 COG functional categories were inferred by maximizing the total reconciliation likelihood
over all gene families in that category. These category-specific probabilities for origination
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at the root were then used to estimate the PP that each gene family was present at the root
of the tree. To infer the gene family content and metabolic repertoire of LBCA, functional
annotations of protein sequences were obtained and assigned to COG families present at the
root. The LBCA proteome was reconstructed taking into account the respective PPs for key
gene families and metabolic pathways. A detailed account of all analyses is provided in the
supplementary methods (36).

MATERIALS AND METHODS

TAXON SAMPLING FOR FOCAL ANALYSIS

To obtain a representative taxon sampling from across known bacterial diversity, we sampled
taxa according to the classification provided by the Genome Taxonomy Database (GTDB
r89) (13) as follows. First, we removed genomes with Quality < 0.75 (Quality is defined as
Completeness - (5*Contamination) (14)), and filtered out all phyla subsequently left with fewer
than 10 species. Genomes were sampled from the remaining taxa on a per-class basis: for
classes containing a single order, the genome with the highest quality score was sampled; for
classes containing multiple orders, the highest quality genome from each of two randomly
chosen orders was sampled. This protocol ensured that every class in the GTDB is represented
in the final tree. We then manually added the genome of Gloeomargarita litophora given its
importance in constraining the phylogeny and timing of chloroplast evolution. The list of
genomes can be found in table S9.

UNROOTED SPECIES TREE INFERENCE

We used Orthologous Matrix (OMA) 2.1.1 (73) to identify candidate single- copy bacterial
orthologs, and retained those with at least 75% of all species represented in each family.
Sequences were aligned in MAFFT (74) using the -auto option, and trimmed in BMGE 1.12 (75)
using the BLOSUM30 model. Initial trees were inferred for each candidate marker gene under
the LG+G+F modelin IQ-TREE 1.6.10 (76). The trees were manually inspected, and we selected
orthologues where the monophyly of 14 pre-defined major lineages was not violated with
bootstrap support >70%, resulting in 62 final orthologues. Concatenation of this marker set
resulted in an alignment of 18,234 amino acids. We inferred an unrooted phylogeny from this
concatenate under the LG+C60+R8+F model, which was chosen as the best-fitting model by the
BIC criterion in IQ-TREE (76). We additionally removed the most compositionally heterogeneous
sites from the sequence alignment using Alignment Pruner (81) (https://github.com/novigit/
davinciCode/blob/master/perl) (20%, 40%, 60% and 80% respectively) and inferred trees using
the same procedure described above in order to compare the resulting topologies.

OUTGROUP ROOTING

To root the bacterial tree using an archaeal outgroup, we used a representative sampling of
148 archaeal genomes and inferred the ML tree in IQ-TREE under the best-fitting LG+C60+R8+F
model. The concatenated alignment included a subset of 29 out of the 62 bacterial orthologs
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that were shared between bacteria and archaea, as determined by by Hidden Markov Model
(HMM) searches and manual inspection of single gene trees. ML trees for these 29 genes
recovered the clanhood (82) of Bacteria and Archaea. We performed approximately-unbiased
(AU) tests (28) to determine whether a range of published alternative rooting hypotheses (table
S2) could be rejected, given the model and data (AU p-value > 0.05).

GENE FAMILY CLUSTERING AND ALE ANALYSIS

We used the protein annotations provided by GTDB, which were originally obtained using
Prodigal. To infer homologous gene families for amalgamated likelihood estimation (ALE), we
performed an all vs all similarity search using Diamond (77) with an E-value threshold of <10~
to avoid distant hits and k=0 to report all the relevant hits. Current clustering methods are
not consummate and the parameters that determine the granularity of clustering do not have
a direct biological motivation. Setting the value of the Markov Cluster (MCL) algorithm (83)
inflation parameter therefore involves a trade-off between inferring large, inclusive clusters
that will contain false positives (sequences that are not part of the real gene family) and small,
conservative clusters that may divide real gene families into several subclusters. An additional
practical concern for phylogenomics is that overly large clusters may align poorly and resultin
low-quality single protein trees. In our rooting analysis, we experimented with a range of values
for the mcl inflation parameter, and chose 1.2 because the clusters were inclusive without a
substantial reduction in post-masking alignment length compared to more granular settings.

Clustering using MCL (83) with an inflation parameter of 1.2 resulted in 186,827 gene families
and a total of 11,765 families with 4 or more sequences. We aligned the 11,765 gene families
using MAFFT (74) (with the --auto option) and filtered with BMGE (75) (using bmge -t AA -m
BLOSUM30) After filtering, 260 alignments contained no high-quality columns and were
discarded. We filtered out sequences comprising more than 80% gaps to produce the final
set of alignments. We also discarded all alignments with less than 30 columns, leaving a total
of 11,272 families. The gene trees were computed using IQ-TREE v 1.6.10 using the following
command: iqtree -m TEST -s FAMXXX.faa.aln.trimmed -bb 10000 -wbtl -nt AUTO -madd
LG4X,LG4M,LG+C10,LG+C20,LG+C30,LG+C40,LG+C50,LG+C60,£10,C20,C30,C40,C50,C60.

Conditional clade probabilities (CCPs) were computed using ALEobserve and the resulting ALE
files were reconciled with the species tree. Loss rates were corrected by genome completeness,
estimated using CheckM (84). We tested 62 roots (Online Data Supplement (80)).

SIMULATIONS TO EVALUATE THE PERFORMANCE OF ALE

Performance of ALE for species tree rooting

The ability of the ALEml_undated algorithm to infer the correct gene tree root in the presence
of gene duplications, transfers and losses was previously investigated using simulations
(1). Briefly, gene families were simulated on a rooted species tree using a continuous-time
origination, duplication, transfer and loss (ODTL) process (that is, a more complex model of
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genome evolution than thatimplemented in ALEml_undated), and ALEm|_undated was used
to estimate the root from subsamples of the simulated families. The maximum likelihood root
according to ALE was the correct root in 95/100 replicates, and the log likelihood of alternative
roots decreased with nodal distance from the correct root (as observed in our empirical data,
see Fig. 1). In the remaining 5 cases, the maximum likelihood root was one branch away from
the true root. Analysis of empirical data suggested that ALE root inferences are robust to
(that is, consistent across) subsets of the data that vary in terms of the rate of horizontal
gene transfer or species representation in gene families (). These properties make the ALE
approach appropriate for inferring the root of Bacteria.

Accuracy of duplication, transfer and loss rates inferred by ALE

To test the accuracy of ALE at correctly inferring duplication, transfer and losses, we simulated
a species tree of 265 leaves (the same size as the focal dataset) using Zombi (78). A simulation
approachis necessary because, for empirical data, we do not know the true gene family history
and so cannot evaluate method performance directly. The empirical realism of simulations
is often an issue, and it is not always clear how best to accommodate the complexities of real
genome evolution, including heterogeneity of DTL rates across families and, indeed, biases
in rates (for instance, the high lineage-specific rate of gene loss that appears to characterise
CPR). To make our simulations as realistic as possible, we first simulated the evolution of
gene families using the Gm mode in Zombi, which assumes that every family has its own and
independent rates of D, T and L, with the rates sampled from distinct gamma distributions
(D~G(0.2,0.5), T~G(2,05), L~G(2.2, 0.5)). We simulated a total of 97929 families. We computed
gene tree-species tree reconciliations with ALEml_undated for all families. Then, to ensure that
the simulated dataset was as similar as possible to the real dataset, we sampled 2000 families
atrandom from the real dataset. For each of those families, we selected the simulated family
most similar in terms of DTL events (similarity was computed as one minus the squared sum
of differences between the different inferred events by the reconciliations and the size of the
families). This procedure resulted in a set of simulated families that were closely similar to
thereal datain terms of DTL events (fig. S3). These families recapitulate the gene family- and
lineage-specific heterogeneity of DTL rates observed in the real data, and so provide the best
possible basis for evaluating the performance of ALE. We used this set of simulated families
in the analyses described below.

Comparison of the real (that is, simulated) and inferred numbers of D, T and L events on these
data suggest that ALE accurately estimates the numbers of all three kinds of events (fig. S4),
with mean errors close to 0 for all three types of events (D ~ 0.005, T ~ 0.048, L ~ 0.019). A
detailed examination of the errors that do occur indicated that errors are most common in
small families (fig. S5), and that the number of DTL events tends to be under-estimated when
the true number of eventsiis high (fig. S6). These observations motivate some of the sensitivity
analyses of the empirical data described below, in which gene families with high inferred rates
and, in a separate analysis, small sizes were excluded from the root calculation (see “Testing
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the robustness of the inferred root region” below); the Gracilicutes-Terrabacteria root was
robust to all of these treatments.

Different combinations of DTL events can give rise to the same gene tree topology. For
example, genes that are patchily distributed across species might be explained by a series
of gene transfers, ancestral presence followed by independent losses, or a combination of
processes. To investigate whether ALE can distinguish between different kinds of DTL events
based on gene tree topologies, we examined the correlations in inference errors for different
kinds of events. Negative correlations (for example, over-estimation of transfer associated
with under-estimation of losses) would suggest that the method can mistake one kind of DTL
event for another. No correlations of this type were obtained (fig. S7), suggesting that ALE
can distinguish the history of DTL events giving rise to a given gene tree topology. To further
investigate whether ALE overestimates the number of gene transfers compared to duplications
and losses, we specifically examined the inference results for the subset of simulated families
with 0 transfers but one or more duplication and loss events (2429 of 97292 families). Of these
2,429 families, ALE correctly inferred that 2,332 (96%) had no transfers.

Next, we investigated whether biases in DTL rates across the tree - which result in variation
in genome sizes, such as the small genomes of CPR - impact ALE inference accuracy. To do
so, we performed two additional simulations: one in which gene family originations occur at
random on the tree (which results in homogeneous simulated gene contents and genome
sizes), and one in which gene originations were constrained to occur at the same points as
they doin the real data. This latter simulation results in data that recapitulate the variationin
gene content and genome size observed in the empirical data. We then compared inference
accuracy on the two datasets (Fig. S8). The results suggest that genome size heterogeneity
does not substantially affect inference accuracy, with all errors centred on 0 in both datasets
(mean errors without heterogeneity: D ~0.00342, T ~ 0.0044, L ~ 0.0238; with heterogeneity:
D ~0.00349, T ~-0.0007, L ~ -0.0268).

Finally, we investigated the impact of lineage extinction on the accuracy of DTL estimates. In
principle, ALE estimates ought to be robust to lineage extinction because gene acquisitions
from extinct (or unsampled) lineages are accounted for in the method (85). To investigate,
we used Zombi (78) to simulate 1000 species trees with 30 extant (sampled) taxa, with the
speciation rate equal to the extinction rate. We performed simulations on species trees with
relatively small numbers of tips because, since Zombi is a forward simulator, simulating trees
with 265-341 tips in the context of high extinction rates is computationally intractable (that
is, only a very small proportion of simulated trees will grow to have 100s of extant tips when
the extinction rate is equal to or larger than the speciation rate). 100 gene families were
simulated on each species tree; of these, 69921 had at least 4 surviving gene copies in the
extant tip genomes and could be used for comparison of DTL inference accuracy. For each
family, we calculated inference accuracy as (inferred number of events - simulated number
of events)/family size, as above, and evaluated the relationship between the proportion of
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extinct lineages on the species tree and inference accuracy (fig. S2). We detected a statistically
significant but quantitatively smallimpact of extinction on accuracy, with a higher proportion
of extinct lineages corresponding to a slightincrease in error (Correlation coefficients between
accuracy and proportion of extinct lineages: -0.024 (D); 0.041 (T); -0.093 (L); fig. S2); errors
remain centred on 0 even when almost all lineages had gone extinct.

TESTING THE ROBUSTNESS OF THE INFERRED ROOT REGION

Simulations (see above) are the most direct way to evaluate the performance of ALE, because
they provide a controlled situation in which we know the truth with certainty. However, real
data are heterogeneous in ways that are difficult to recapitulate in simulations, particularly in
terms of variation and biases in the rates of evolutionary processes (DTL, speciation, extinction
and substitution rates) across the tree. We therefore performed a range of sensitivity analyses
to evaluate the robustness of the inferred root region.

Distributions of DTL rates, rate ratios, and the impact of excluding gene
families from the root calculation based on these and other criteria.

Firstly, we ranked gene families by inferred duplication, transfer and loss rates and rate ratios
(figs S10-11), and performed a gene-filtering analysis (fig. S12) in which families at either end of
the distribution were progressively removed and root likelihoods re-evaluated. This approach
is analogous to fast site removal, in that families with very high or low rates may be difficult
to model and so mislead inference.

Based on these rankings, we performed gene filtering analyses in which the highest ranked
families were progressively removed and the difference in likelihoods between roots (ALL)
re-evaluated (fig. S12A-S). The first of these plots (fig. S12B-C) illustrates the effect of
progressively filtering out the most widely-distributed families (the metric is the number of
species with at least one gene in the family). For each pair of plots, the bottom panel shows the
threshold value corresponding to the percentile removed. For example, removing 5% of the
families represented in the most species corresponds to a threshold of being represented in
150 species or more for MCL families. Note that these threshold plots can also be interpreted
as the cumulative distribution of the ranking criteria, i.e. the above example implies that 5% of
MCL families are represented on 150 or more genomes. The left hand side of each plot indicates
the summed likelihood of each candidate root position (Fig. S12A) on all of the data; moving
to the right along the x-axis illustrates how the summed likelihood for each root changes as
families at the top end of the distribution are filtered out. Filtering out broadly-distributed
families has a similar effect in both the MCL and Clusters of Orthologous Genes (COG) datasets:
ALL starts to diminish. That is, ALE starts to lose the ability to distinguish between different
root hypotheses. Conversely, when ranking families by the opposite criterion (the number of
species absent, fig. S12D-E), the difference in likelihood between the roots remains unchanged
until a very large fraction of families is excluded.
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We next evaluated whether families with different estimated D, T or L rates agree on the
optimal root region (that is, whether the root signal from families with high, moderate and
low rates is consistent). To evaluate the signal in a root-independent manner, we calculated the
mean per family D, T and L rates weighted according to the likelihood of that family for different
roots. We can see in fig 12F-K that removing even a substantial (10-20%) fraction of families
with the highest D, T or L rates does not change the order of likelihoods for different roots, and
it is only after nearly half the families are discarded that we start to see a loss of resolution.

To filter families with potentially problematic rates, we also calculated each of the 6 possible
rate ratios (D/T, T/D, D/L, L/D, T/L and L/T) and ranked families according to the maximum of
these six ratios (fig. S12L-M). While our results remain unchanged as long as fewer than 10%
of families with the most extreme rate ratios are removed, removing between 10 and 30%
of the families with the most extreme rate ratios changed the order of the most likely roots
while still retaining resolution (see for colors). This indicates that the Fusobacteriota root (dark
green) derives its support, in part, from families that are outliers in terms of DTL rate ratios.

Performing further analogous threshold analyses (fig. S12N-S) in terms of mean copy number
and verticality, we find that the rooting analysis is robust to filtering based on these criteria.

Effect of gene family clustering

We next evaluated the impact of gene family clustering on our analysis by repeating the entire
analysis using COG (39) families; the same root region was recovered with the addition of one
adjacent branch, with the reduced resolution likely due to the smaller size of the COG family
dataset (3,723 vs 11,272 mcl families; see table S5).

Effect of taxon sampling

Taxon sampling is known to be an important factor in phylogenetic analyses (22), so we
next evaluated whether our method of sampling taxa representatively from GTDB impacted
our results. To do so, we repeated the entire analysis using a different approach, selecting
representative taxa from major bacterial clades previously described in the literature (11,15).
We based our sampling on the analysis of (11), in which CPR comprise 40% of bacterial diversity.
To do so, we inferred a tree of the bacterial portion of the published (11) concatenate under
the LG+G4+F model in IQ-TREE. We divided the tree into 7 major bacterial clades based on
a literature search (table S12) and additional environmental lineages with branch length
diversity comparable to the known groups. For each group defined in this way, we manually
subsampled taxa so as to maintain genetic diversity, while avoiding the longest and shortest
branches. We sampled 341 species, comprising 200 ‘classic’ bacteria, 124 CPR bacteria and
one bacterial genome respectively from each of the 17 new phyla described by (14); see table
S9. We used the same marker gene set as in the focal analysis. A species tree was inferred in 1Q-
TREE using the LG+C20+G4 model with PMSF (86). Additional trees were inferred in PhyloBayes
under the CAT+GTR+G4 model using a recoded alignment using the four-category scheme
of Susko and Roger (87), and under the multispecies coalescent model in ASTRAL (88). To
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infer homologous gene families, we used the same pipeline as that used in the focal analysis.
This resulted in 11,781 gene families with 4 or more sequences, which were analysed as in
the focal analysis. The unrooted species trees are congruent with each other, except in the
placement of a small group of phyla comprising Fusobacteriota, Aquificota, Synergistota,
Spirochaetota and Thermtogota (“FASST”). These taxa are resolved in different positions in
each of the three unrooted topologies, and are found to be monophyletic in the tree inferred
fromthe recoded alignment. Similarly to the focal analysis, the ALE analyses yielded two root
positions that could not be rejected (AU test, p > 0.05), summarised in fig. S13. Both of these
rooted phylogenies are congruent with that of the focal (GTDB) analysis, with Terrabacteria
and Gracilicutes on either side of the root, with the only differences being in the placement of
the FASST taxa. In the focal analysis, as well as the LG+PMSF+G4 and ASTRAL trees inferred as
part of the GTDB-independent analysis, FASST were not recovered as a monophyletic group.

INFERENCE OF RELATIVE DIVERGENCE TIMES OF BACTERIAL CLADES

We applied the pipeline documented and implemented in the Online Data Supplement (80,
RelativeDating.zip) to obtain the relative dated trees. We performed the analysis 5 times: 3
timesin the focal dataset, and 2 times in the secondary dataset (using all the roots that could
not be rejected). The pipeline consists of parsing the transfers inferred by ALEm|_undated
(using the MCL families) and discarding those with posterior probability < 0.05. We used
bootstrapping to estimate constraint support in the following way: for each of the three
branches in the root region, we sampled the gene families 100 times with replacement and,
for each replicate, converted detected transfers to constraints and performed a Maximum
Time Consistency (MaxTiC) analysis (42, 43). We then selected the phyla that were represented
by 5 genomes or more in both datasets. We pruned the tree of the focal dataset to maintain
only those phyla. Finally, we selected the constraints that were supported by both datasets
and use those constraints to generate 1000 time orders compatible with those constraints
the script order_explorer.py (80)). We then ranked all interior nodes on the tree, with the root
node having rank 0 and the most recent speciation node having rank 11.

QUANTIFYING VERTICAL AND HORIZONTAL SIGNALS IN BACTERIAL
GENOME EVOLUTION

In the context of our analyses, “verticality” is the proportion of inferred evolutionary events
on a branch of the rooted species tree that reflect vertical descent, estimated using gene
tree-species tree reconciliation. We defined branch-wise verticality as V/(V+0+T), where V is
theinferred number of vertical transmissions of a gene from the ancestral to descendant ends
of the branch; O is the number of new gene originations on the branch; and T is the number
of gene transfers into the branch. We defined transfer propensity as T/(V+T), where Vand T
refer to inferred numbers of events within the history of a gene family (table S11).The numbers
reported in the main text have been averaged over the reconciliations obtained using the three
possible roots of the focal analysis.
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ANCESTRAL GENE CONTENT AND METABOLIC RECONSTRUCTION

Protein and protein family functional annotation

Protein sequences from all genomes used for phylogenetic analyses in this study were
annotated using a variety of databases. Functional annotations were obtained using
hmmsearch v3.1b2 (settings: -E 1e-5) (89,90) against KEGG Orthology (KO) annotations from
the KEGG Automatic Annotation Server (KAAS; downloaded April 2019) (91). Additionally,
all proteins were scanned for protein domains using InterProScan (v5.31-70.0; settings:
--iprlookup --goterms) (92).

Multiple hits corresponding to the individual domains of a protein are reported using a
custom script (parse_IPRdomains_vs2_GO_2.py). For the functional annotation of the 4256
COG families investigated in our ancestral reconstructions, we assigned Kos using a majority
rule, i.e. we assigned the KO reported in the majority of sequences comprising each of the
COG families yielding a COG-to-KO mapping file. Subsequently, we mapped COG descriptions,
COG Process/Class, Category description, kegg id, kegg description, and kegg pathway to
the COG-to-KO mapping file. COG descriptions were collected from the root annotations (1_
annotations.tsv) downloaded at EggNOG (v5.0.0) (93). COG functional category and Process/
Class descriptions were derived from eggNOG (v4.0) (94). KO pathways were manually curated
based on an in-house KO-to-pathway mapping file, and were subsequently mapped to the
respective KO. The scripts for annotation and mapping are included in the Online Data
Supplement (80).

COG gene families for ancestral gene content reconstruction

We built a set of gene families based on the COG (95) database for ancestral functional
inference. To do so, we annotated each genome in the dataset using eggNOG-mapper v2(79),
then clustered proteins into families based on their COG annotations. For proteins annotated
with more than one COG category (8% of proteins), we included the protein in both COG
families. This resulted in 4256 COG families, of which 3723 had 4 or more sequences. COG
families are ideal for ancestral reconstruction because they comprise all of the sequences
on extant genomes that can be annotated with a given unambiguous function from the COG
ontology. In addition, the hierarchical nature of the COG classification (comprising gene family
annotations nested within 23 broader functional categories) enabled us to explicitly model
the different evolutionary ages of gene functional classes as part of the analysis, by using
category-specific root origination priors (see below).

Our COG families are useful for functional reconstruction, but are perhaps less well suited for
investigating other aspects of bacterial evolution because they are constructed only from
proteins that could be annotated with eggnog mapper. By contrast, MCL families represent
--- within the limitations of the clustering approach, as discussed above --- an unbiased view
of gene family diversity for the set of genomes we analyzed. We therefore base analyses other
than those regarding the functional annotation of LBCA on the MCL families. However, since
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gene clustering methods are not consummate and each has strengths and weaknesses, we also
investigated the root signal from the COG families. This analysis identified a similar root region
of four adjacent branches, comprising the root region from the focal analysis (3 branches)
plus one additional root, in which Spirochaetota branched on the Terrabacteria side of the
root (table S5).

Root gene mapping approach

To estimate root presence posterior probabilities (PPs) for each gene family for each of the
three supported roots, we first estimated the probability of origination at the root (O_R) by
maximum likelihood, finding the O_R value that maximises the total reconciliation likelihood
summed over all gene families (table S11). We then used the global ML O_R value to calculate
the root presence posterior probabilities for each family; that is, the probability that one or
more copies of a given gene family were present at the root, given the ML O_R value. We
estimated root origination rates independently for each of the 23 COG functional categories,
and used these rates to estimate the posterior probability of presence at the root node for
each gene family. Note that, for all nodes of the tree (including the root nodes), we additionally
estimated PPs directly from the sampled reconciliations. Python code implementing this
procedure is provided in (80) at Code/O_R_Optimization.py.

Initial gene content and metabolic inferences at a particular node were based on gene families
with a posterior presence probability (PP) of >0.95 at that node. This approach is conservative
and could miss the presence of certain pathways which may be represented by proteins with
arange of PP values. Therefore, we manually investigated the PPs of pathways discussed in
this manuscript and inferred the presence of specific pathways or functional modules if the
majority of the components were found with PP >0.50, as described in the main text, Fig. 4
and fig. S17.

Impact of root branch on LBCA gene content

The credible set of root branches from the ALE analysis comprised three adjacent branches
at the centre of the tree (Fig. 1b). The difference between these three root positions relates to
the placement of Fusobacteria, either as the root branch or as the most basal split on either
the Gracilicutes or Terrabacteria+DST “sides” of the rooted tree. We therefore estimated root
PPs for COG families on all three branches; root PPs under all three roots are provided in the
Online Data Supplement (80).

Metabolic comparisons

Results from the PP analysis were used as the framework for metabolic comparisons and
reconstruction of the proteome of LBCA. First, the occurrence of an individual COG family
across each taxon was counted in R (v3.6.3) (table S4). This binary presence/absence matrix
was combined with the PP values for Nodes corresponding to the CPR, Chloroflexota+CPR,
Chloroflexota, Terrabacteria, DST+Terrabacteria, Gracilicutes-Spirochaetota,
Gracilicutes+Spirochaetota, Root 1, Root 2, and Root 3, filtered with a cutoff of PP>0.50. The
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combined count table was summarized using the ddply function of the plyr package (v1.8.4),
which was used to summarize the counts across each phylogenetic cluster, node, and root. Data
is visualized in a heatmap generated using the ggplot function with geom_tile and facet_grid
of the ggplot2 package (v3.2.0). Heatmap categories for pathways were scaled based on the
number of COG families, results were plotted using the grid.draw function of the grid package
(v3.6.3). Heatmaps were manually merged with a species tree in Adobe Illustrator (v22.0.1).

Evaluating the robustness of the LBCA reconstruction to taxon sampling
based on the secondary dataset

To evaluate the impact of taxon sampling, we analyzed both the primary and secondary
datasets with the same ancestral reconstruction pipeline. Across all protein families,
agreement between the datasets was highly significant, though lower than among the root
regions for each dataset (table S13). The PPs between the focal and secondary analysis
were significantly correlated independent of rooting (Pearson’s correlation 0.48-0.53 p<10
6 see table S13). PPs between root positions in the context of the same analysis were very
strongly correlated, with the highest correlation between root 1 and root 2 of the secondary
analysis (0.96) and roots 1 and 2 of the primary analysis 0.94). Overall, root 3 of the focal
analysis (corresponding to the Fusobacteriota root) correlated the least with other roots.
The focal analysis compared to the secondary analysis considered fewer taxa (265 vs 341) and
correspondingly fewer COGs (3782 vs 4220 with four or more genes). The focal analysis also
recovered fewer COGs with high confidence (PP>0.9) at the root (see gray diagonal fields in
table S13). Of the COGs recovered with high confidence at the root in the focal analysis, the
majority (63%-78%) were also recovered with high confidence at the root in the secondary
analysis (see gray off-diagonal fields in table S13). Considering COGs recovered with high
confidence at the root, root 3 of the focal analysis is again the least congruent with the other
gene sets, and at the same time is the one with the smallest number of COGs recovered at the
root. Importantly, all of the ancestral pathways discussed in the main text were recovered at
the root with moderate to high PP support in both datasets, as indicated (table S7).
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SUMMARY AND CONTRIBUTIONS

The motivation behind this review was to provide an updated perspective on the tree of life
(TOL) within the context of technological advancements and analytical findings of the past
couple decades. Our increased understanding of the enormous diversity of the Archaea,
Bacteria, and eukaryotes are a result of advancements in genome sequencing technologies
that have allowed for sampling across a wider variety of environments and more refined
phylogenetic techniques to better place novel lineages. Here we examined how the shape of
the TOL, from the deepest split to the branches leading to eukaryotes, has changed in recent
years. Debate over whether the current data best supports a three-domain (3D tree) or two-
domain (2D tree) topology for the TOL, is centered on the discovery of the Asgard archaea, and
their proposed role as the archaeal ancestor of eukaryotes. Advanced sequencing technologies
have expanded the categorized diversity of viruses, mobile genetic elements (MGEs), and other
parasitic replicators. Recent molecular analyses have shown that viral evolutionary history is
intimately linked to cellular evolution, with their replication (genetic) module likely arising in
the primordial replicon pool and their morphogenetic (capsid) evolving on multiple occasions,
possibly related to interactions with cellular hosts. Furthermore, many viral features of diverse
groups are implicated in the evolution of key cellular features. We provide an outlook for how to
make further progressin all of these research areas to disentangle and refine hypotheses and
open questions about the TOL and viral contributions. In all, greater sampling and sequencing
of all major groups in the TOL and the viral realms would provide more information from
which to shape our understanding of cellular and viral evolution. The further improvement of
evolutionary models would better reflect the processes of gene flow and evolution. Ancestral
genome reconstruction provides a window into past metabolisms that can help to link
evolution with ecology and Earth history. Advanced cultivation-dependent tools will also be
instrumental in understanding the morphology and physiology of important species, including
the Asgard archaea, in order to better understand their cell biological features. Furthermore,
many ultrasmall cells, which have been shown to be widespread across the biosphere, often
exist in symbioses with hosts. Advanced microscopy and imaging can provide a window into
understanding the nature of symbiotic lifestyles.

| contributed to writing, revising, and analyzing all elements included in this review. My
primary focus included researching, compiling, and summarizing current literature on viruses,
including their evolutionary history, diversity, and hypothetical involvement in cellular
evolution. | designed the virus section to cover two broad categories: 1) studies analyzing
the evolutionary histories of the replication (genetic) and morphogenetic (capsid) modules,
and 2) an overview of how morphologic and genetic features of different viral groups reshape
our understanding of cellular evolution in prokaryotes and eukaryotes. | helped conceptualize
and design the main text figures 1 and 2. | wrote the section on “Viruses and the Tree of Life”
and contributed to writing and revision of the entire manuscript at all stages.
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ABSTRACT

The tree of life (TOL) is a powerful framework to depict the evolutionary history of cellular
organisms through time, from our microbial origins to the diversification of multicellular
eukaryotes that shape the visible biosphere today. During the past decades, our perception
of the TOL has fundamentally changed, in part, due to profound methodological advances,
which allowed a more objective approach to studying organismal and viral diversity and led
to the discovery of major new branches in the TOL as well as viral lineages. Phylogenetic
and comparative genomics analyses of these data have, among others, revolutionized our
understanding of the deep roots and diversity of microbial life, the origin of the eukaryotic
cell, eukaryotic diversity, as well as the origin, and diversification of viruses. In this review,
we provide an overview of some of the recent discoveries on the evolutionary history of
cellular organisms and their viruses and discuss a variety of complementary techniques
that we consider crucial for making further progress in our understanding of the TOL and its
interconnection with the virosphere.

SIGNIFICANCE

Our review provides a timely overview of how recent methodological progress has allowed an
updated view on the tree of life and its connection to the virosphere. It covers topics ranging
from last universal common ancestor to last eukaryotic common ancestor and the extant
diversity of prokaryotic and eukaryotic life as well as viruses. Furthermore, we summarize
current developments in the field that can help to make further progress in our understanding
of deep evolution in the coming years.
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INTRODUCTION

All cellular life forms (organisms) on Earth can be assigned to one of the major domains—
the Archaea, Bacteria, or Eukaryota (hereafter referred to as eukaryotes) (1, 2). Because
all organisms have evolved from a shared last universal common ancestor (LUCA) (3), the
relationship of extant organisms is often depicted within the framework of a tree of life (TOL)
(4-6). Upon the discovery of the Archaea, it was assumed that the TOL comprises three distinct
branches that evolved vertically since LUCA, with the Bacteria on one side of the root and
Archaea and eukaryotes forming sister clades on the other side of the root (2). However, recent
years have witnessed an increasing body of evidence suggesting that eukaryotes, which
comprise both uni- and multicellular representatives, have emerged through a symbiosis
of an archaeon and a bacterium, that is, through the merging of two branches from within
the Archaea and Bacteria, respectively (Fig. 1) (7-11). In turn, Archaea and Bacteria are often
referred to as primary domains of life while eukaryotes form a secondary domain of life (12,
13). In contrast, viruses are noncellular obligate intracellular parasites that infect all cellular life
forms (14). Similar to other selfish genetic elements, viruses are generally not considered within
the framework of the TOL (15), but are an integral part of the biosphere or biological realm
(14). They also impact genome evolution of cellular life not only through the exchange of genes
with their hosts but also through host-parasite coevolution (16, 17). In fact, the prevalence
of horizontal gene transfer (HGT) via both mobile genetic elements (MGEs) and viruses but
also directly between distinct organisms has to some extent questioned the concept of a
TOL, which may be more correctly represented as a network including both vertical and
horizontal branches (4, 5, 18). Yet, despite this component of horizontal genome evolution, the
“statistical” TOL has remained a useful concept for understanding life’s diversification (6, 19).

Recently, the application of cultivation-independent metagenomic and single-cell genomic
techniques has improved our knowledge of microbial and viral diversity and, in turn, our view
of the TOL (20) and its connection to the virosphere (21). For example, during the past decade
a plethora of previously unknown archaeal and bacterial taxa (e.g., reviewed in (22-24)) have
been described, including various lineages of high-taxonomic rank at the phylum and class-
level (20, 25, 26). Furthermore, progress has been made with regard to our understanding of the
origin of eukaryotes (11) as well as their subsequent diversification (27). Genomics approaches
have also transformed our knowledge on the vast diversity of viruses (28-34), their putative
host taxa (35-38), and origins (39).

In the following, we will provide an updated perspective of the TOL and virosphere by focusing
on selected key findings. Furthermore, we describe a variety of research approaches, which we
considerimportant for making further progress on our understanding of the history of life on Earth.
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Fig. 1 | Tree of cellular life (TOL) and connection to the six major realms of viruses. The tree is a
schematic representation of the relationship of the major domains of life, comprised of the primary
domains of Archaea and Bacteria and the secondary domain of Eukaryota. The assumption that Archaea
and Bacteria form separate domains of life is dependent on the placement of the root between those
domains, though this hypothesis remains to be validated. Although the node separating the DPANN
(acronym referenced in text) from all other archaeal clades has been suggested to be the most ancestral
split on the archaeal branch, the CPR (acronym referenced in text) most likely represents a more recently
evolved sister-clade of the Chloroflexota (64). Current data support an origin of the eukaryotic cell through
asymbiosis between an ancestral member of the Asgard archaea (also Asgardarchaeota) (purple arrow)
and Alphaproteobacteria (blue arrow), though the timing of the mitochondrial acquisition is debated and
the events leading to LECA are poorly resolved. On the outside of the TOL, we illustrate the connection
of the three cellular domains with virus representatives belonging to either of the six major viral realms,
the Riboviria, Monodnaviria, Varidnaviria, Duplodnaviria, Adnaviria, and Ribozyviria (21, 183). The latter
two realms are restricted to the Archaea or eukaryotes, respectively. The Riboviria have so far only been
found associated with Bacteria and eukaryotes, whereas all other realms include members infecting
cellular organisms across the TOL. LECA, last eukaryotic common ancestor.

THE PRIMARY DOMAINS OF LIFE AND DEEP ROOTS OF THE TOL

The nature of LUCA and the emergence of the two primary domains of life are some of the
most fundamental unknowns in our understanding of life’s evolution. Archaeal and bacterial
cells are distinguished by major differences in their cell lipid membrane and use of contrasting
molecular machinery, including for the replication, and processing of genetic information.
Although a wide variety of hypotheses have been proposed to explain the distinct cell
membranes of bacteria and archaea and the early evolution of their metabolism, these remain
controversial and progress has been constrained by the limited availability of relevant data
(40-43). It is generally assumed that the root in the TOL separates Archaea and Bacteria as
inferred based on the use of ancient paralogous gene families for rooting (44-47) and genome
networks (48) (Fig. 1). Yet, the accurate placement of the root is challenging and prone to
phylogenetic artifacts and alternative roots, such as within Bacteria (49, 50), have not been
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formally ruled out (51). Further, it has recently been suggested that the branch separating
the primary domains of life may be shorter than in previous estimates (52). However, it was
subsequently shown that the reduced estimate of the Archaea/Bacteria branch length most
likely results from inter-domain gene transfers and, in agreement with earlier work (19, 20),
that the longest branch in the TOL lies between Archaea and Bacteria (53, 54) (note that
these analyses did not consider extremely fast-evolving symbionts and parasites). Improved
phylogenetic models, the integration of genomic data from the diversity of recently discovered
taxa as well as the use of novel approaches for rooting, such as gene tree-species tree
reconciliations, for example, (55-57) (see below), will help to determine whether this branch
indeed represents the deepest split in the TOL.

Particularly, the discovery of two previously unknown and potentially deep-branching
microbial radiations in the Bacteria and Archaea, the so-called DPANN archaea (58, 59) and the
bacterial Candidate Phyla Radiation (CPR or Patescibacteria) (60), respectively, has provided
important data for readdressing the deep roots of microbial life and the placement of the
archaeal and bacterial roots (61-65). The DPANN group (acronym referring to its first described
member lineages, the Diapherotrites, Parv-, Aenigm-, Nano-, and Nanohaloarchaeota) now
includes more than eight distinct archaeal phyla (26) that group together with Nanoarchaeota,
an archaeal clade represented by the ultrasmall and ectosymbiotic archaeon Nanoarchaeum
equitans (66). Representatives of DPANN have small genomes and cell sizes, are characterized
by restricted anabolic and catabolic capabilities, and include obligate ectosymbionts some
of which have been cultivated in coculture with their hosts belonging to the Halobacteriota,
Thermoproteota, and Thermoplasmatota (66-75). Indeed, symbiotic lifestyles have been
suggested to represent a common feature of genome-reduced members of the DPANN (62).
Likewise, members of the CPR, which also include various lineages of high taxonomic rank,
share several genomic features with the DPANN archaea, such as small cell and genome sizes,
a limited metabolic potential and potential dependency on partner organisms (62). In line
with this, two representatives of this group, that is, members of the Saccharibacteria and
Absconditabacteria, have been successfully enriched as symbionts in coculture with their
respective actinobacterial and gammaproteobacterial hosts (76-78). It seems that the level of
host specificity differs significantly between different representatives of the DPANN and CPR.
Forinstance, although the most genome-reduced members of the DPANN, such as N. equitans,
seem unable to switch between different host strains (79), members of the Micrarchaeota infect
hosts belonging to different archaeal phyla and comprise strains that can grow in coculture
with hosts belonging to different genera (70, 71, 75). Furthermore, it seems that at least DPANN
may also include free-living members such as the Altiarchaeota (80) or members, which, in
spite of certain auxotrophies, do not require permanent physical contact with potentially
interacting partners (81, 82).

Initial phylogenetic analyses have recovered both the CPR (60) and DPANN (58, 59) as
monophyletic and early diverging branches in the TOL (Fig. 1), but these findings are being
debated (83, 84). In particular, several authors have raised the concern, that the deep and
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monophyletic placement of DPANN and CPR lineages may be the result of phylogenetic
artifacts (85-89) such as long-branch attraction, that leads to the erroneous grouping of fast-
evolving taxa in a monophyletic clade as well as their attraction to a distant outgroup (90, 91).
For example, previous studies have revealed that genomes of other symbionts (e.g., obligate
intracellular bacterial endosymbionts) indeed experience faster evolutionary rates, have
compositional biases and form long branches in phylogenetic trees (92, 93). In turn, elucidating
the phylogenetic placement of the symbiotic CPR and DPANN has proven challenging and
requires careful phylogenetic approaches implementing, among others, careful marker
gene and taxon selection approaches and/or the use of complex models of evolution that
account for differences in evolutionary rates across sites and lineages (53, 64, 94). Furthermore,
such analyses benefit from taking into account potentially increased rates of HGT between
symbionts and their hosts (94).

Recently, outgroup-free rooting methods have been applied to assess the placement of CPR
and DPANN in the TOL. For instance, (64) have used a gene tree—species tree reconciliation
approach (55-57) to root the bacterial tree and reconstruct the proteome of the last bacterial
common ancestor. Interestingly, and in contrast to several earlier studies, this has revealed
that the CPR most likely represents a more recently evolved monophyletic sister-lineage of
the Chloroflexota (64) rather than an early diverged bacterial clade (60) (Fig. 1). Thus, CPR
members seem to be derived from more complex ancestors with their small genomes being
a result of genome-streamlining processes (64). In agreement with this, a recent analysis
aiming to resolve the evolution of cell envelopes in Bacteria not only indicated the ancestry
of didermy with several independent transitions to monoderm phenotypes but also supported
a sisterhood relationship of Chloroflexota and CPR nested within Terrabacteria (63). Finally,
the careful assessment of marker genes for multidomain phylogenies has further confirmed
this derived placement of the CPR (53).

In contrast, several recent studies have provided support for the “clanhood” of DPANN in
unrooted phylogenies, their characteristic set of genes and their placement as an early
radiation on the archaeal branch of the TOL raising the possibility that DPANN clades may have
evolved in parallel with their host lineages over much of evolutionary time, see for example,
(53,61,94-96), (Fig. 1). However, conflicting results regarding the placement of certain putative
DPANN clades remain (89). Furthermore, it is important to note that the exact placement
of the root in the archaeal tree is not yet fully resolved and could be located between two
distinct DPANN clades, thus leaving open the possibility that DPANN are paraphyletic (94, 96).
Further analyses, such as the application of gene tree-species tree reconciliations applied to
a larger set of representative archaeal genomes will help to test current hypotheses on the
early divergence of DPANN. Finally, a reliable interpretation of the early evolution of cellular
life, the features of the last universal common ancestor, and the relationship of DPANN and
CPR, hinges on the accurate placement of the universal root (5I).
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ORIGIN OF THE EUKARYOTIC CELL FROM PROKARYOTIC ANCESTORS

The origin of the eukaryotic cell represents one of the most significant and at the same time
debated events in life’s evolution. Over the years, a variety of eukaryogenesis models have
been put forth, which can be broadly categorized into symbiogenetic and autogenous models,
discussed in several comprehensive reviews (7, 10, 97, 98). Although autogenous models
assume the vertical evolution of a protoeukaryotic lineage from a root shared with the archaeal
and bacterial line of descent, symbiogenetic models suggest that the origin of the eukaryotic
cellis aresult of a merger of members of at least two distinct microbial lineages belonging to
the Archaea and Alphaproteobacteria (9, 99) (Fig. 1).

Recently, the genomics-based discovery of the Asgard archaea (100, 101) (also referred to as the
phylum Asgardarchaeota (26)), has provided important data shedding new light on the origin
of the eukaryotic cell. Asgard archaea were originally described to comprise the Loki-, Thor-,
Odin-, and Heimdallarchaea (100-102), but are now known to include a variety of additional
clades (103-108). Notably, phylogenetic analyses have revealed that the Asgard archaea
comprise the closest archaeal sister lineage of eukaryotes (101, 105, 107) and thereby provided
increasing evidence for the evolution of eukaryotes from within the Archaea (12, 13) (Fig. 1). But
although thereis strong support for the monophyly of Asgard archaea and eukaryotes, the exact
placement of the eukaryotic branch relative to the various Asgard lineages varies depending on
data set composition and evolutionary models used (13, 101, 105). Expanded sampling of Asgard
diversity combined with careful phylogenetic analyses, is likely to provide improved resolution of
branching orders and will allow to pinpoint the closest sister-lineage of eukaryotes more precisely.

In agreement with phylogenetic evidence, comparative analyses of the Asgard archaeal
genomes have revealed the presence of so-called eukaryotic signature proteins (ESPs)
(reviewed in (11, 23, 109)), that is, proteins that were previously thought to be absent from
prokaryotic genomes. Notably, these ESPs are homologous to proteins integral to the
functioning of complex eukaryotic cells and comprise essential building blocks of the ESCRT
(endosomal sorting complex required for transport) system, ubiquitin, trafficking, and
informational processing machineries as well as the cytoskeleton (100, 101, 105). Although
the function of these proteins in Asgard archaea remains to be elucidated, the heterologous
expression and structural analyses of some of these proteins such as profilins and gelsolins
have revealed that they are functionally equivalent to their eukaryotic homologs and suggests
that a regulated actin cytoskeleton precedes eukaryogenesis (110-112).

Because even high quality metagenome assembled genomes (MAGs) (i.e., completeness >90%
and contamination <5%, according to (113)) usually do not assemble into complete genomes
and may contain a low amount of contamination from genomes of other community members
or closely related strains, some studies have questioned the reliability of the Asgard archaeal
MAGs and in particular raised concerns as to whether ESPs may represent contamination rather
than being genuine genomic signatures (114-116). However, various lines of evidence during
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the past years have supported the existence of Asgard archaea, the emergence of the archaeal
ancestor of eukaryotes from within this group as well as the presence of ESPs as part of their
coding potential: among others, ESPs are encoded within a prokaryotic genomic context, lack
introns characteristic of many eukaryotic genes, and are significantly divergent from eukaryotic
homologs to exclude contamination (100, 101, 117). Furthermore, Asgard MAGs have now been
reconstructed from a large variety of metagenomes from different environmental samples all over
the world and by many different research groups, yet show consistent genomic signatures across
the various member clades (104-106, 108, 118-120). Even though the presence/absence pattern of
ESPs across Asgard archaea is variable and indicates a complex history of ESP evolution involving
duplications, differential loss, and transfers, the shared set of ESPs within specific taxon-level
(e.g., class-level) lineages is very consistent and provides strong evidence for ESPs representing
genuine signatures of Asgard proteomes (105). In line with this, the successful enrichment of the
first representative of the Asgard archaea, Candidatus Prometheoarchaeum syntrophicum has
not only proven the viability of members of this group but also allowed the reconstruction of
the first complete genome of a Lokiarchaeote with a characteristic and consistent set of ESPs
(121). Finally, initial microscopy analyses have provided insights into the cellular features of
extant members of the Asgard archaea including cellular protrusions (121, 122) and revealed
the spatial separation of genomic DNA and ribosomes in certain representatives (122).

The analysis of the genomic repertoire of the Asgard archaea has not only enabled
predictions of their extant metabolic characteristics but also provided a first baseline to
refine symbiogenetic eukaryogenesis models, which predict a syntrophic interaction as an
important initial driver for cell-cell interactions (9, 105, 121, 123), and represent an extension
of the Hydrogen (124) and Syntrophy (125) Hypotheses. However, more detailed models hinge
on resolving the exact placement of the eukaryotic and mitochondrial branches relative
to the Asgard archaea (101, 105) and Alphaproteobacteria (99, 126-128), respectively, as
well as the cellular and metabolic features of these ancestors. Additionally, controversies
remain with regard to the timing of the events during eukaryogenesis, that is, the timing
of the mitochondrial acquisition, the evolution of an endomembrane system as well as the
establishment of a nucleus, for example, (11, 129-134) (Fig. 1). Finally, the extent to which
additional microbial lineages and/or viruses (see below) have contributed to the eukaryotic
proteome are still to be determined. Phylogenomics analyses have for example provided
support for the hypothesis that the genomic repertoire of eukaryotes was shaped through
genetic input from Bacteria other than Alphproteobacteria (135-139) as well as by viruses, for
example, (140-143). Furthermore, a recently proposed updated symbiogenetic model on the
origin of the eukaryotic cell has implicated the potential involvement of an additional bacterial
lineage (i.e., a Deltaproteobacterium) during eukaryogenesis (9).

The combination of novel techniques in phylogenetics with cell biological and cultivation
approaches (see below) will help to address those conflicting hypotheses of the origin of the
complex eukaryotic cell from its prokaryotic ancestors and continue to illuminate the timing
of the events during eukaryogenesis (11, 144).



Chapter b

EUKARYOTIC DIVERSITY AND THE LAST EUKARYOTIC COMMON
ANCESTOR

Even though various aspects of eukaryogenesis remain enigmatic, our knowledge of the last
eukaryotic common ancestor (LECA) (reviewed in (11)) and its subsequent diversification has
grown substantially in recent years, enabled by a tremendous increase in our sampling of
extant eukaryotic diversity. Indeed, although the majority of formally described eukaryotes
are multicellular and fall into two phylogenetic groups: Archaeplastida (plants and algae)
and Opisthokonta (animals and fungi), it is now clear that the bulk of phylogenetic diversity
of eukaryotes is composed of unicellular representatives including “protists” and algae (Fig.
2). Major advances in cultivation-dependent (27) and cultivation-independent (145) methods
including symbiosis-aware strategies (146) for generating sequence data combined with
sophisticated bioinformatic tools for genome assembly, gene annotation, and phylogenomic
inference have been critical for the genomics-driven exploration of eukaryotic biodiversity. In
particular, the last decade has witnessed the discovery of numerous kingdom- and phylum-
level lineages and confidently placed those in the eukaryotic TOL (Fig. 2), for example,
Rhodelphia (147), Picozoa (148), Anaeramoebae (149), and “CruMs” (150) (Collodictyonids,
Rigifilids, Mantamonads). Sequence data has also been collected from lineages that have
no clear phylogenetic position including Ancoracysta twista (151), Hemimastigophora (152),
Ancyromonadida (153), and Malawimonadida (154) that might each represent phylum- (or
higher-) level taxonomic ranks.

Amoebozoa
Rhodophyceae Opisthokonta
thdelphid?a = Breviatea
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R aLicophyla Collodictyonids (di i
; t phylleids)
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Fig. 2 | Schematic representation of the phylogenetic diversity of eukaryotes. Groups with taxonomic
rankings of phylum level or higher are shown in black (according to (321) and references in text). Select
lineages or organisms that have been recently discovered and placed in the eukaryotic TOL are shown
in bold. Eukaryotic supergroups are colored for clarity. Lineages with one or more representative with
a primary (1°) secondary (2°) or complex red (C) plastids are indicated with hexagons based on (182).
Sar, Stramenopila-Alveolata-Rhizaria; TSAR, Telonemia+SAR (322), CAM (323), Cryptista-Archaeplastida-
Microheiliella maris; “CRuMs,” Collodictyonids, Rigifilida, Mantamonas plastica.

Supported by these new data, numerous lines of evidence suggest that LECA dated to the
Proterozoic (ca. 1.9-1.6 billion years ago) (155-157) and was characterized by a nucleus and
nuclear pores, linear chromosomes with telomeres, genes with spliceosomal introns, complex
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RNA processing, and regulatory mechanisms, an elaborate endomembrane system (including
a Golgi apparatus, endosomes, lysosomes, and peroxisomes), mitochondria, bacterial-type
lipids as well as a complex cell cycle (extensively reviewed in (158) and (11)). Some analyses
predict that the LECA proteome was already quite complex with many orthologs (~10,000)
tracing their origin to LECA (159), though many details regarding components of the various
cellular and molecular machineries remain to be further illuminated. One current limitation
lies in the unresolved placement of the root in the eukaryotic tree. Depending on gene set
and methodology used, the root of the eukaryotic tree has been inferred between Discoba
and other eukaryotes (160), between Diaphoretickes + Discoba and Amorphea + CruMs +
Malawimonads (161) or between Opisthokonta and all other eukaryotes (162, 163). Therefore,
the best-studied eukaryotes on which various previous LECA inferences are based, represent
derived clades on either side of the putative root: the Archaeplastida within Diaphoretikes
and Opisthokonta within Amorphea. It is conceivable that genes conserved in either of
these lineages may not necessarily trace their origins back to LECA. For example, a recent
review by (164) put forth a new term defining hidden ancient homologs as “jotnarlogs” that
are shared across eukaryotic biodiversity exclusive of the “model system” lineages. They
show that these jotnarlogs are highly relevant for our understanding of the earliest steps
in eukaryotic evolution and, among others, comprise proteins mediating fundamentally
eukaryotic processes including mitochondrial division (165) and membrane trafficking (164).
In turn, prospective analyses that make use of the increased sampling of eukaryotic genomic
diversity will be crucial to furtherimprove our knowledge on the nature of LECA as well as the
root placement in the eukaryotic TOL.

Although most modern eukaryotes share key cellular features, the recent discovery of novel
eukaryotic representatives forming distinct branches in the eukaryotic tree have revealed
interesting insights into eukaryotic metabolic and cellular diversity. For example, although the
alphaproteobacteria-derived mitochondria in extant aerobic eukaryotes house the respiratory
chain that couples ATP biosynthesis to the reduction of oxygen, in some anaerobic animals and
fungi, the respiratory chain uses alternative electron acceptors to oxygen in order to synthesize
ATP, often by “tinkering” with existing cellular systems to synthesize anaerobiosis-specific
cofactors or by encoding anaerobiosis-specific proteins (166, 167). Further, many anaerobic
protists have lost most, if not all, respiratory capabilities and instead couple ATP biosynthesis
to fermentative H, production within so-called mitochondria-related organelles (MROs) (166-
168). Some representatives, such as Monocercomonoides, have lost their MROs (169), and/or
mitochondrial genomes (168) entirely. The genetic origins of the anaerobic metabolism of
MROs remains a widely debated topic (see, e.g., (133, 138, 170-173)).

Photosynthesis is a widespread trait across the tree of eukaryotes with representatives in
Stramenopila, Alveolata, Rhizaria, Haptista, Pancryptista, Archaeplastida, and Discoba.
Primary plastids, derived from the engulfment of an ancestral photosynthetic cyanobacterium
with the closest present day relative likely being Gloeomargarita lithophora (174, 175), have
evolved at least once on the tree of eukaryotes in the Archaeplastida (173) between 2.1 and



Chapter b

1.6(176,177) or 1.8 and 1.1 billion years ago (157). There is at least one additional candidate of
a primary photosynthetic organelle in eukaryotes in the Rhizarian Paulinella chromatophora
(178, 179). This amoeba houses a specialized organelle called the chromatophore that has
its own genome and is thought to have evolved from an ancestral endosymbiont of the
Synechococcus/Prochlorococcus clade (180) roughly 90-140 Ma (181). The chromatophore
provides a rare opportunity to study the early stages of endosymbiosis having occurring
nearly 1 billion years more recently than the primary plastids of Archaeplastida. Other
eukaryotes, that is, heterotrophic protists, have acquired secondary or higher order plastids
through serial endosymbiosis events, reviewed in (182). These higher-order plastids are often
surrounded by three or four membranes and, in at least three separate lineages, retain the
nuclei (dubbed the nucleomorph) from the engulfed endosymbiotic algae (182). In these
cells, there can be as many as four distinct genomes derived from the host nucleus, host
mitochondrion, plastid, and nucleomorph. Continued investigations comparing the origin
of the gene content and cell biology of these diverse and complex algal lineages as well
as phylogenetic and molecular dating approaches will help in identifying the mechanisms
necessary for enabling endosymbiosis events and help to further improve our understanding
of their timing throughout eukaryotic diversification (177).

VIRUSES AND THE TREE OF LIFE

MGEs are semiautonomous replicative genomic entities that are ubiquitous in the natural
environment and believed to be an intrinsic part of cellular evolution (183). They include
viruses which may encode one or more proteins comprising the viral particle (virion) encasing
the genome of the respective MGE (183). Categorically, viruses are believed to be the most
abundant biological entities on the planet, shaping ecological and evolutionary components of
the biosphere (39). The diverse characteristics of MGEs stratify the semiautonomous replicative
genomic entities or replicator groups, blurring the boundaries between the major categories
within the replicator space, with the Virosphere defined at its core by the Orthovirosphere,
followed by the Perivirosphere, and the remaining replicators falling within the periphery (183).

Recent evolutionary insight has classified the core of the virosphere, that is, the
Orthovirosphere, into six major realms, the Riboviria, Varidnaviria, Duplodnaviria, Monodnaviria,
Adnaviria, and Ribozyviria (183), comprising many but not all viral families (Figs. 1 and 3).
Apart from the Ribozyviria, which has been identified in specific vertebrates, all realms are
believed to have emerged before or near the origination of the last universal cellular ancestor
(LUCA) (21, 183). To fully understand the roles viruses played during the earliest stages of
the evolution of cellular life, studies have sought to understand the origins of key viral
components. Generally, viral genomes are unified by two core modules: a module that encodes
the proteins responsible for genome replication (the replication module) and a module
that encodes the proteins that form the virion particle that encapsulates the genome (the
morphogenetic module) (39). Despite great viral diversity, most replication modules can be
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captured by four hallmark replication protein families: the RNA-dependent RNA polymerase,
the reverse transcriptase, the protein-primed family B DNA polymerase, and the rolling-
circle endonuclease (39). All of these share the common ancient RNA-recognition fold and
importantly, have minimal to no close sequence identity with replication proteins from cellular
organisms. Conversely, investigation into the origins of the capsid proteins that comprise
the virion suggests descent from protein families from cellular ancestors, specifically those
involved in carbohydrate- or nucleic acid binding (39). These findings are the foundation of the
proposed chimeric model of viral evolution which describes the emergence of the replication
module from the primordial replicon pool, with the morphogenetic module evolving on several
different occasions through life’s history by acquisitions of structural proteins from hosts
(39). Notably, recent structural and genomics studies into the diversity of archaeal viruses
have revealed an abundance of archaea-specific viruses that share no genetic or structural
similarity to bacterial and eukaryotic counterparts (184, 185) and cannot currently be assigned
to any of the viral realms (Fig. 3). Beyond unique morphologies across the archaeal viruses, the
archaea-specific Adnaviria possess a morphogenetic module composed of a capsid protein
with a distinct fold not captured by viruses in the other two domains (183). These findings
underscore the need for further exploration into the diversity, structure, and function of
archaeal viruses.
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Fig. 3| The diversity of the core virosphere and its links to bacterial, archaeal, and eukaryotic hosts. For
each viral realm, we depict the diversity of viral families that have representatives infecting members
either the Bacteria, Archaea, or Eukaryota, respectively. Asterisk: for eukaryotic viruses assigned to the
Riboviria, we report orders instead of families. The shapes represent a small selection of characteristic
morphologies seen within certain viral realms. The information on viral families comprising the various
realms is derived from the ICTV database (https://talk.ictvonline.org/files/master-species-lists/), that is,
ICTV Master Species List 2020.v1.xlsx. (21, 183).

Viruses and other MGEs are generally not considered part of the TOL (186), however the nature
of their replication and propagation mechanisms have linked them to critical components of
cellular genome dynamics and evolution. Recent efforts have tried to connect the deep origins
and diversification of viruses to the earliest transitions in the TOL and diversification of cellular
life (47, 187, 188). Parasitic replicators play important roles in host-parasite coevolutionary
dynamics and the evolution of host genomes (189) and have been placed at the centre of
debates regarding eukaryotic evolution and diversification (188, 190-194). Particularly the
discovery of eukaryotic NucleoCytoplasmic Large DNA viruses (NCLDVs), also referred to
as giant viruses (195), has sparked debates on the boundaries between viruses and cellular
organisms as well as raised questions regarding their origins, relationship to cellular life and
rolein the origin of the eukaryotic cell. NCLDVs comprise members with unique features among
viruses including genome sizes that resemble those of some free-living microorganisms,
the presence of genes for DNA maintenance including repair, replication, transcription, and
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translation, complex metabolic capabilities, cytoskeleton components, as well as other
signature proteins of complex eukaryotic cells, all of which were originally thought to be
confined to cellular life (32, 196-203). Some representatives replicate within viral factories,
that is, intracellular compartments in which viral components are localized and that may be
enclosed by membranes (204, 205), and can be parasitized by their own virophages (206). But
although those characteristics have originally been suggested to indicate that NCLDVs may
form a separate branch within the TOL (195), careful phylogenetic analyses have subsequently
shown that NCLDVs have acquired hallmark cellular genes through HGT by their hosts and
evolved gigantism multiple times (207-210), validating the distinction of viruses and cellular life
(14, 15,186,211).Viruses and in particular NCLDVs have also been hypothesized to have played
arolein the origin of the nucleus due to the ability of some representatives to assemble viral
factories reminiscent of eukaryotic nuclei (212). However, the direct involvement of a virus in the
origin of eukaryotic organellar complexity remains debated (213) and viral factories, including
those established by certain Pseudomonas phages enclosed by a proteinaceous shell (214),
likely represent analogous structures to eukaryotic nuclei. Nevertheless, viruses and/or MGEs
have been found to have shaped the eukaryotic proteome early on including through virus-to-
host HGT (188, 192). For example, the mitochondrial single-subunit RNA polymerase (ssSRNAP)
has been suggested to be derived from T-odd phages (140-142) and eukaryotic telomerases,
that ensure the replication of linear chromosomes, are likely derived from a Penelope-like
retroelement reverse transcriptase (190). The finding of widespread endogenization of viral
genomes, including those of NCLDVs, into eukaryotic host genomes highlights a potentially
important strategy underlying virus-to-host HGTs (193, 215). Thus, to further disentangle the
sources of the eukaryotic proteome and cellular features, prospective phylogenetic analyses
benefit from taking into account the wide diversity of viral in addition to prokaryotic genome
data (188). In this regard, it is particularly noteworthy that recent metagenomics approaches
(some only available as preprints so far) have identified a suite of viruses likely infecting
Asgard archaea and belonging to different viral realms (107, 216-218). The genomic and
experimental analysis of these and other novel viruses may help to test hypotheses on the
features and impact of MGEs in the earliest transitions and diversification of eukaryotic cells.

Taken together, a betterunderstanding of the TOL and major evolutionary transitions hinges on the
continued exploration of the virosphere combined with improved phylogenomics and network
analyses that allow illuminating the impact of viruses and other MGEs on cellular evolution.

HOW TO MAKE FURTHER PROGRESS

Making further progress in our understanding of the TOL and resolving the phylogenetic
placement of taxa near key evolutionary branching points requires advances within a wide
range of research topics, which we summarize below ((219), Fig. 4).
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Sequence data across the tree of life

- Long-range sequencing

- Strain-resolved metagenomics

- Eukaryotic & viral meta- and single cell genomics
- Microfluidics and single chromosome sequencing

Phylogenetics & phylogenomics

- Improved models of evolution

- Scaling to large datasets

- Improved gene-tree / species tree reconciliations & networks
- Improved algorithms to reconstruct ancestral sequences
combined with molecular & biochemical analyses

- Fossils and biomarkers

Genotype-phenotype relationship
- Fitness landscapes & evolvability

- High-throughput genotyping/phenotyping

- Physical constraints on phenotyes

last universal common ancstor (LUCA) —— vertical evolution Evolutionary cell biology

last bacterial common ancestor (LBCA) ——— horizontal evolution* - Structure prediction, e.g. alpha-fold
@D 1ast archaeal common ancstor (LACA) viruses - High-resolution cryo-electron microscopy & tomography
< last eukaryotic common ancestor (LECA) ] extinctlineage - Live fluorescence imaging & immunolabeling

Fig. 4| Schematic representation of TOL highlighting key questions and approaches to furtherilluminate
cellular evolution and its connection to viral evolution. See text for more details. Asterisks: please note that
horizontal evolution has been estimated to be much more prevalent than indicated in the schematic tree.

SEQUENCE DATA ACROSS THE TOL

The availability of molecular sequence data for appropriate and extensive taxa sets is a key
factor for the reconstruction of congruent phylogenies and understanding life’s evolutionary
history in general (220). Advances in sequencing and data processing techniques have
considerably expanded the set of genomes from uncultivated organisms across the TOL and led
to a large set of single-cell and metagenome-assembled genomes (SAGs, MAGs) (30, 221-224).
However, the quality of these SAGs and MAGs differs widely (113) and, thus far, rarely provide
resolution on single strain level. Current developments of hybrid metagenome assembly
methodologies combining both short and long DNA sequence reads (225, 226), innovative
genome scaffolding approaches using chromosome conformation capture techniques (200),
and sophisticated (meta)genome assembly computer software (e.g., (226-228) for review)
are promising avenues to obtain high quality strain-resolved MAGs (229-231) including their
CRISPR loci as well as ribosomal RNA operon(s). Such improved metagenomics-driven analyses
are also valuable not only for expanding the known diversity of DNA viruses (28-30, 32-34), but
also to link putative viral genomes to their potential hosts through matching CRISPR spacers
(232); an approach recently used for the identification of viruses infecting Asgard archaea
(216-218). Considering the complexity of viral populations, a perhaps even more promising
approach relies on improved long-range sequencing technologies and was recently used to
obtain complete viral genomes without the need for assembly and binning (31).

In contrast to prokaryotes and viruses, many lineages of eukaryotes, and especially microbial
representatives, remain only sparsely sampled, which considerably limits our understanding
of the early evolution and diversification of these organisms (233). Only a small number of
protists have been enriched in culture and metagenomic approaches targeting uncultivated
protists directly are difficult to implement due to the unique and complex genomic features of
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many representatives (234), which poses challenges for genome assembly and metagenomic
procedures. Further, it should be emphasized that establishing methods for cultivation (or
single-cellisolation), nucleic acid isolation, and sequencing from understudied eukaryotesin
and of itself is not trivial and requires years of optimization before data analysis can begin (27).
Many protists harbor symbionts and/or can only be cultivated with other microbes thereby
making most protist sequencing projects mini-metagenomics initiatives. Assuming high-
quality genomic or transcriptomic data sets can be obtained, the next major obstacle is gene
prediction. For genome projects, the nonuniform sequence composition across the genome
and the complex architecture of eukaryotic genomes (i.e., large intergenic regions, introns)
is a challenge for metagenomic “binning” and gene prediction tools, respectively. Although
recent advances in assembling eukaryotic genomes and predicting gene content from complex
samples (e.g., nonaxenic cultures or environmental samples) will help in overcoming these
obstacles, e.g., (235) and (200)). Finally, the lack of high-quality reference annotations from
diverse eukaryotic representatives, large number of paralogues, and high proportions of
lineage or organism-specific putative protein-coding genes in eukaryotic genomes (up to 60%
(236)) can impede clustering of orthologous groups and poses challenges for the accurate
inference of gene history evolution.

PHYLOGENETICS AND PHYLOGENOMICS

Ways to resolve incongruences and uncertainties in phylogenies inferred with state-of-the-art
phylogenetic and phylogenomic approaches have been reviewed recently (220, 237) and will
not be extensively discussed. These strategies include, among various others, the development
of models of DNA and protein sequence evolution that better capture the processes by
which molecular sequences evolve and adequately deal with sources of systematic error
(i.e., nonphylogenetic signal) in sequence data: for example, see the recent development of
heterotachy mixture models (238). Much of our understanding of the evolutionary history of life
mainly derives from analyses of multigene concatenations based on a limited set of universally
conserved single-copy marker genes (see, e.g., (53, 54). Elucidating ancient divergences is
challenging and requires the use of metrices to assess confidence in tree topologies and
bipartitions. However, classical metrices such as the bootstrap, originally designed for single
gene trees, have the tendency to overestimate confidence in bipartitions when the analyses
are based on long alignments from multigene concatenations (239). In turn, it is valuable
to explore improved measures to assess confidence in tree and branching patterns (240),
such as, for example, the recently developed internode and tree certainty metrices (53,
241). Furthermore, although key to inferring phylogenetic relationships of taxa, multigene
concatenations are insufficient to reconstruct the evolution of genomes, which not only results
from substitutions but also from gene and genome rearrangements, duplications and the loss
and gain of new genes (242, 243). Novel methodologies, capable of capturing simultaneously
the vertical and horizontal components of genome evolution such as phylogenetic networks
(244), topological data analyses (245, 246), as well as gene tree-species tree reconciliation
methods (55-57, 247), open up new perspectives toward integrating data from viruses, and
other genetic elements as well as providing a deeper understanding of gene family evolution
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including both vertical and horizontal components, across the TOL. For instance, reconciliation
methods rely on a model to describe gene tree evolution involving originations, duplications,
transfers, and losses under a given species tree and allow to determine the probability of any
protein family at any given node in a tree (61, 64). Furthermore, such approaches can be used
to determine the likelihood of certain root positions in the absence of a remote outgroup (61,
64), which, if available, can cause phylogenetic artifacts such as long branch attraction (90,
91). The modeling of reticulate evolution has recently also been shown to allow dating the TOL
(248, 249), which previously solely relied on the scarce fossil and biomarker record available for
the early steps of microbial evolution. Together, this can greatly enhance the understanding
and timing of the evolutionary trajectories of life.

RECONSTRUCTION OF ANCESTRAL SEQUENCES AND GENOMES

Progress in the sequencing and assembly of ancient DNA has been successfully applied to
reconstruct the genome sequence of organisms (250-253) including microorganisms (254-
256) that existed up to hundreds of thousands years ago (i.e., allochronic reconstruction).
However, such data is scarce; thus genes, proteins, and genomes of ancestral organisms are
predominantly inferred from the sequence of extant taxa using so-called ancestral state
reconstruction methodologies (i.e., synchronic reconstruction) (257). This includes both
ancestral (gene) sequence (258-261) and genome reconstruction approaches such as gene
tree-species tree reconciliations (see above) (55-57, 61, 64, 247). In turn, features of ancestral
organisms and the direction of evolutionary change can be investigated simultaneously.

Progressing further in our knowledge of the features of ancestral organisms involves
“resurrecting” those life forms or, at least, some of their proteins (262-264) before
characterizing them using molecular, biochemical, and biophysical approaches. Although
this has been successfully undertaken for several types of proteins and protein complexes
(265-268), features of ancestral proteins and protein complexes thought to have played roles
in major evolutionary transitions remain largely unknown. In contrast, the “de novo synthesis”
of minimal, ancestral cells, still poses significant challenges (269).

EVOLUTIONARY CELL BIOLOGY

Reconstructing and understanding the evolution of the ultrastructural complexity of cells and
their components throughout the TOL and, most notably, during eukaryogenesis, requires
linking gene and genome sequences to protein structures and cellular features. Although the
intracellular organization of bacterial and archaeal cells has long been thought to be relatively
simple, tremendous advances of microscopy techniques and image analyses now allow probing
the cells of these organisms with sufficient resolution to reveal their cytological features in
unprecedented detail (270). Cryoelectron microscopy (271) and cryoelectron tomography
(272, 273) have notably revealed that the ultrastructure of bacterial and archaeal cells is far
more complex and diverse than assumed previously (270, 274-276). Microorganisms are now
known to have a wide variety of intracellular organelles (275), as well as other intracellular
compartments of unknown function including nanospheres and both intracellular and
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periplasmic vesicles (274). Further, bacterial and archaeal cells often include various types of
intracellular filaments, bundles, arrays, and tubes in addition to varied cell appendages (274).
The extent to which the cytological features of certain bacteria and archaea, such as Ca. P.
syntrophicum (121), are related to one another and to those of eukaryotes, remains for now
largely unknown considering that genes and proteins involved in their formation have not been
identified in many cases. Current advances in the computational prediction of the structure of
individual proteins (277, 278) and both the composition and structure of protein complexes (277,
279) have the potential to accelerate the identification of genes involved in protein complexes
forming cytological features. Indeed, the accuracy of the protein structures predicted by the
neural-network models AlphaFold2 (278) and RoseTTA fold (277) rivals that of experimentally
determined structures (277, 280). Predicted protein structures can help interpreting Coulomb
potential maps obtained by cryoelectron microscopy and cellular cryoelectron tomography for
the experimental determination of protein structures (281). Furthermore, the development of
standards to adequately evaluate the fit of computationally predicted protein models to the
Coulomb potential maps of protein complexes may allow to refine protein complex structures
and identify genes coding for protein complex components (282). We envision that progress
in the computational predictions of protein structures may also allow for the identification
of proteins, which share similar folds but little to no amino acid sequence similarity to known
components of well-characterized cellular features. Once candidate protein components of a
cellular feature of interest have been identified by, for instance, immunogold labeling (283), the
localization, dynamics, and function of the proteins, and corresponding cytological features
can be investigated using antibodies conjugated with fluorescent labels and superresolution
microscopy (284, 285) as performed, for example, for the analysis of the cytokinesis machinery
of bacteria (286) and archaea (287). Altogether, these protein structure-based approaches
combined with high-end microscopy now allow us to bridge the gap between bioinformatic
analyses and cell biology and to reconstruct major steps in the evolution of cellular complexity.

GENOTYPE—PHENOTYPE RELATIONSHIP

Moving from the reconstruction of the evolutionary history of life to understanding the
evolutionary trajectories taken by life forms through time requires clarifying their evolvability
(288-290). This includes elucidating the physical constraints on the phenotypes that organisms or
their cellular components may take (291-294) but also identifying features of biological systems
opening opportunities for the emergence of phenotypic variation, innovation, and diversification
(295). This emphasizes the need to study fundamental attributes of microbial cells including for
example, trade-offs (296, 297), allometric scaling laws (298-300) and robustness (301-303) and
their respective underlying causes at the molecular level. Progress in this research area will allow
for a better understanding of the relation between genotype and phenotype (i.e., genotype-
phenotype map (304-306)) thereby clarifying the landscape of possible genetic changes.
Advances in high-throughput phenotyping and genotyping, targeted genome editing, and single
cellapproaches (307-315), evolutionary synthetic biology (316-318), and experimental evolution
(319), are currently driving progress in the exploration of the genotype-phenotype map. Yet,
conceptual, and theoretical developments need to follow technological advances to derive the
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principles determining the evolution of (micro)organisms. Although such studies are typically
conducted on model organisms, a focus on microbial groups placed near key evolutionary
branching points would be beneficial for understanding major transitions in the early evolution
of life on Earth. This emphasizes the need to isolate and develop laboratory cultivation systems
to study members of these microbial groups, most of which remain currently uncultivated (320).

CONCLUSION

The TOL is a constantly changing and evolving concept in evolutionary biology, which has
helped to depict the vast biodiversity on Earth, including both vertical and horizontal
relations of organisms as well as connections to MGEs including viruses. Of course, it will
always constitute a simplified illustration of the diversification of life on Earth and can only
account for the evolutionary path of extant organisms even though extinct organisms may
have contributed to the genetic repertoire of extant genomes. For example, all organisms
today are derived from LUCA, yet the early diversification of LUCA was likely shaped by gene
influx from now extinct organisms living at the time of LUCA.

Nevertheless, the TOL provides a useful concept for describing and classifying the diversity of
organismal life on Earth today (25, 26) and forimproving our understanding of events leading
to major evolutionary changes that have dramatically impacted our biosphere. The continuous
improvement of analytical, experimental and computational approaches to the study of life’s
biodiversity and integration of geological records will further improve our insights into the
evolutionary past and allow linking diversification to Earth history. Further, this will help to refine
our understanding of evolutionary principles underlying biodiversification, which is crucial for
predicting evolution and may help efforts to preserve biodiversity in an ever-changing world.
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Chapter 6

SUMMARY AND CONTRIBUTIONS

The primary goal of this book chapter was to provide a general overview of recently updated
research on the biodiversity, taxonomy, evolution, and ecology of Archaea. The Archaea were
formally proposed as a domain of life almost 50 years ago, with evidence that they are likely
more closely related to eukaryotes despite sharing many superficial features with Bacteria. At
the time this fundamentally altered the view of the tree of life (TOL) and became the foundation
for retracing the evolutionary history of the prokaryotes and eukaryotes. In the years that
followed, the expansion of the archaeal tree paralleled advances in environmental sampling
technologies, gene and genome sequencing approaches, and complex phylogenetic inference.
Initially viewed as extremophiles occupying narrow niches, the Archaea have since been found
to be ubiquitous in the natural environment, making them key ecological players and drivers
of biogeochemical cycling. Research into the taxonomy and phylogeny of the newly proposed
archaeal lineages led to the identification of four major supergroups, the Euryarchaeota, TACK
(Thaum-, Aig-, Cren-, and Korarchaeota), Asgard, and DPANN (Diapherotrites, Parv-, Aenigma-,
Nano-, and Nanohaloarchaeota). Here, we briefly summarize key features of important
members and newly discovered lineages belonging to these four groups. We discussed how
the discovery of Asgard archaea has led to a better understanding of the origin of eukaryotes.
Furthermore, we detail how updated phylogenetic analyses including the increased sampling
of the biosphere also uncovered a large radiation of archaea with small cell and genome sizes,
referred to as the DPANN. Aside from their ultrasmall morphological features, they have been
shown to lack key biosynthetic pathways and the superphylum is believed to consist primarily
of ectosymbionts that rely on a host to complement lacking metabolic requirements. The
DPANN are often resolved as an early-branching clade within the archaeal domain, which has
huge implications for early evolution and diversification of the Archaea. However, this position
is stillan open and unanswered question and must be addressed using a greater representation
of archaeal genomes. Considering these new lineages, we close with an overview of the role of
Archaea within the human microbiome, including the prevalence of methanogens identified in
the oral cavity and gut to emerging evidence of archaeal colonization of other human habitats
including the skin and lungs, among others. All authors were involved in writing and revision
of the book chapter. My primary contributions included researching, analyzing, and writing
the entire section on the “Human Archaeome”. | also worked with Nina Dombrowski and Anja
Spang to generate Figs. 1 and 2.
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Chapter 6

INTRODUCTION

Just about half a century ago, all prokaryotes, i.e., cells without nucleus, were classified
within one kingdom: Monera. However, in the late 1970s, scientists were starting to recognize
that this classification system, based predominantly on morphological and metabolic traits,
underestimated the vast diversity of prokaryotic life. Around the same time, the pioneering
work of Carl Woese and George Fox led to the discovery that prokaryotes were, in fact,
composed of two fundamentally different domains of life—the Bacteria and the Archaea
(originally referred to as “Eubacteria” and “Archaebacteria,” respectively) (1). Woese and
coworkers used the RNA components of the ribosome to reconstruct the first phylogenetic
tree of life based on molecular data (2), which divided cellular organisms into three separate
domains of life (Fig. 1A)—the Bacteria, Archaea, and Eukarya, the latter of which comprised all
organisms with a true nucleus (2). At that time, it was suggested that Archaea, in spite of their
superficial similarity to Bacteria, may be more closely related to eukaryotes than Bacteria.
In fact, they seemed to harbor simplified versions of eukaryotic informational processing
machineries (replication, transcription, translation, and cell division), in addition to unique
characteristics such as ether-bound isoprenoids rather than ester-bound fatty acid-based
lipids (Table 1). Subsequent research on Archaea, accompanied by extensive methodological
developments in environmental microbiology, sequencing technologies, physiology, cell
biology, and phylogenetics, has further changed our view on the diversity of life, the tree
topology, as well as the ecological and evolutionary importance of Archaea. In particular, the
use of cultivation-independent techniques, such as metagenomics and single-cell genomics,
which allow us to obtain genomes of uncultivated organisms directly from environmental
samples (3, 4), have been a key element leading to our changed perception of archaeal diversity
and distribution. While Archaea have originally been viewed as comprising predominantly
“extremophilic” organisms inhabiting environments with high temperature, salinity, and
high or low pH, they are now known to be ubiquitous in all environments on Earth, including
marine waters and freshwater lakes, sediments, soils (including plant roots), aquifers, and the
human microbiome to name a few (5-7). With their widespread ecological distribution and
important metabolic capabilities, Archaea are recognized as key players in a wide variety of
biogeochemical processes, including the sulfur, nitrogen, and carbon cycles (8). For instance,
Archaea include the only known organisms able to conserve energy through the anaerobic
production or consumption of methane in processes referred to as methanogenesis and
anaerobic methane oxidation, respectively. Since methane is an extremely potent greenhouse
gas, with a global-warming potential about 25 times greater than carbon dioxide, these
Archaea have an essential role in the global carbon budget and consequently climate change
(9). Finally, the study of archaeal phylogenetic diversity and evolution has fundamentally
changed our understanding of the eukaryotic cell (see below) (10).
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Fig. 1| Schematic depictions of the relationship of Archaea with Bacteria and eukaryotes in the tree
of life. A: Upon the discovery of Archaea as a separate domain, the tree of life was divided into three
major domains. B: However, phylogenetic analyses of core informational proteins suggested later that
eukaryotes may have evolved from within the Archaea, challenging the three-domain topology. C: Recent
research,among others enabled by the discovery of the Asgard archaea, has shed further support on the
branching of eukaryotes from within the Archaea (in terms of universal marker proteins). In turn, it has
been suggested that the tree of life has two primary domains of life—the Archaea and Bacteria—and one
secondary domain of life, which evolved from the former (see text for more details).

ARCHAEA AND THE TREE OF LIFE

Since the discovery of the Archaea as a separate domain of life (Fig. 1A), their relationship to
Bacteria and eukaryotes has been a matter of debate and is regarded to be of fundamental
importance for our understanding of the origin of eukaryotes. Eukaryotic cells are highly
compartmentalized and it has long been recognized that eukaryotic compartments, such as
mitochondria (the site of ATP generation via oxidative phosphorylation) and chloroplasts (the
organelles in which photosynthesis occurs in plants), evolved as a result of endosymbiosis,
i.e., mitochondria and chloroplasts seem to be derived from Alphaproteobacteria and
Cyanobacteria, respectively (e.g., reviewed in (11)). In contrast, the nature of the host cell
taking up the progenitors of these compartments was unknown until recently; while some
hypotheses suggested that this cell was a proto-eukaryote that already resembled extant
eukaryotic cells, others point out that the host was an archaeon or even bacterium (11-13). For
alongtime, the prevailing view was that Archaea and eukaryotes represent two independent
sister lineages in the tree of life (2, 14), and it was unclear how the shared ancestor of Archaea
and eukaryotes looked like. However, while certain phylogenetic analyses have supported



Chapter 6

this model, others have suggested alternative scenarios, in which eukaryotes evolved from
within the Archaea ((15) and reference therein).

Characteristic Bacteria Archaea Eukarya
Membrane-enclosed nucleus No No Yes

Chromosomal structure Circular Circular Linear

Peptidoglycan in cell wall Yes No No

Membrane lipids Ester-linked Ether-linked Ester-linked

Glycerol Glycerol-3-phosphate Glycerol-1-phosphate Glycerol-3-phosphate
Ribosomes (mass) 70S 70S 80S

Initiator tRNA formylmethionine methionine methionine

Introns No No Yes

Operons Yes Yes No

RNA polymerase One (4 subunits) One (8-12 subunits)  Three (12-14 subunits)
Transcription factors required No Yes Yes

TATA box in promoter No Yes Yes

Table 1 Comparison of Selected Characteristics of the Major Domains of Life

The use of cultivation-independent genomic approaches combined with improved
phylogenetic methods and more realistic evolutionary models have recently led new
insights into the evolutionary history of the Archaea, their placement in the tree of life and
eukaryogenesis. In particular, these analyses have provided increasing support for eukaryotes
branching from within the Archaea (10, 15) instead of as a sister lineage as originally assumed
(Fig. 1 B-C). Though eukaryotes initially appeared to branch close to the TACK superphylum
(discussed later in this chapter) (16) (Fig. 1B), it was challenging to pinpoint a specific archaeal
lineage as being more closely related to eukaryotes than the others. The position of eukaryotes
amongArchaea became clearer with the recent discovery the Asgard archaea—a novel archaeal
superphylum (17, 18) (discussed later in this chapter). Phylogenomic analyses revealed that
Asgard archaea form a sister group of eukaryotes (Fig. 1C) and harbor an extended set of
proteins that were previously assumed to be specific to eukaryotes (17, 18) (discussed later
in this chapter). Together, these findings indicate that eukaryotes may have evolved from a
symbiosis between an archaeal host cell and a bacterial endosymbiont, and also provide
greater evidence in support of a two-domain tree of life (19-22), with Archaea and Bacteria
representing two primary domains and eukaryotes being a secondary domain (15, 23).
Although the exact placement of eukaryotes with respect to the different members of the
Asgard archaea remains to be elucidated, continued exploration of Asgard archaeal diversity
will allow to further refine the position of Archaea and eukaryotes in the tree of life.
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ARCHAEAL CELL BIOLOGY AND EUKARYOTIC SIGNATURE
PROTEINS (FSPs)

In agreement with their close relationship to eukaryotes, Archaea encode informational
processing machineries that closely resemble those of eukaryotic representatives. Although
Archaea harbor a single circular chromosome like Bacteria, their replication machinery
includes various components homologous (i.e., shared by common ancestry) to those of
eukaryotes, while most functionally equivalent complexes in Bacteria are unrelated (24, 25).
For instance, Archaea and eukaryotes share homologous subunits comprising the origin of
replication complex (ORC), a replicative helicase unit referred to as the CMG (Cdc45, MCM, GINS)
complex, and the active replisome, which includes a two-subunit primase, a DNA polymerase
sliding clamp and clamp loader, and DNA polymerases (24). Yet, some Archaea also encode
components that are absent from both eukaryotes and Bacteria and others that are shared with
Bacteria. For example the two-subunit DNA polymerase D (24, 26) is unique to Archaea while
the NAD+-dependent DNA ligase, the DNA gyrase, and the DNA primase DnaG are homologous
to bacterial enzymes (25). In many cases, archaeal complexes seem to represent a simplified
version of their counterparts in eukaryotes (25), the latter of which often encode additional
paralogous enzymes (i.e., those that evolved by gene duplication), whose evolution involved
sub-functionalization (24). For instance, while Archaea collectively encode three families of
polymerase B, eukaryotes harbor the four polymerase B family enzymes referred to as Pol alpha,
beta, gamma and delta (24, 26). Notably, all of these eukaryotic enzymes seem to have evolved
from two distinct archaeal polymerase B family homologs (18, 26). Another interesting example
represents the nucleosome: Archaea harbor histone-like proteins, which form a homodimeric
histone complexin part homologous to the heterodimeric nucleosome of eukaryotes (27, 28).

Archaeal transcription also shares several features in common with eukaryotes. While many
archaeal genomes encode gene clusters reminiscent of bacterial operons, the archaeal
transcription machinery represents a simplified version of their eukaryotic counterparts (29).
Forinstance, the archaeal DNA-dependent RNA polymerase (RNAP) consists of 12-13 subunits,
which are homologous to the subunits of the three eukaryotic RNA polymerases (RNAP I-111)
(29). In contrast, RNAP of Bacteria consists of only five subunits, two of which are distantly
related to archaeal RNAP subunits 1 and 2 (i.e., RpoA and RpoB). Transcription initiation, which
is based on the same molecular mechanisms across the domains, also involves homologous
transcription factors in Archaea and eukaryotes (29).

Similarities in the translational machinery between Archaea and eukaryotes are also evident.
Archaeal ribosomes are of comparable size to bacterial ribosomes (70S), but share various
ribosomal subunits uniquely with eukaryotes (30). Additionally, translation in Archaea is
initiated by an initiator tRNA carrying methionine and several translation initiation factors,
asisseenin eukaryotic organisms but contrasts with the use of formyl-methionine by bacteria.
Further, a 22" amino acid, pyrrolysine, has been identified uniquely in certain members of
the Archaea, in particular methanogens (31).
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Notably, Archaea not only share homologous replication, transcription, and translation
machineries with eukaryotes, but have also been found to encode various so-called eukaryotic
signature proteins (ESPs) (32), i.e., proteins that are generally absent from bacterial ggnomes
while being central to the integrity and functioning of eukaryotic cells. These proteinsinclude,
for instance, components of the eukaryotic cytoskeleton (such as actin and tubulins), cell
division and vesicle trafficking machineries, endosomal sorting complexes required for
transport (ESCRT), as well as the proteasome and ubiquitin system (10).

In particular, members of the TACK archaea (discussed later in this chapter) includingamong others
the Cren-, Aig- and Thaumarchaeota have early on been found to encode certain ESPs that were
absent from Euryarchaeota (15, 16,33-35). For instance, while Euryarchaeota use FtsZ as major cell
division protein, many Cren- and Thaumarchaeota harbor a cell division system (also referred to as
cdvABC system) thatincludes homologs of eukaryotic ESCRT-Ill and an ATPase related to vacuolar
protein sorting-associated protein 4 (Vps4) (36-39). Furthermore, archaeal actin homologs
referred to as crenactin, which are distantly related to eukaryotic actins, have been discovered in
Thermoproteales, as well as in Korarchaeota (40). Yutin and coworkers identified distant homologs
of eukaryotic tubulins—the artubulins—in the genomes of two species of Thaumarchaeota,
“Candidatus Nitrosoarchaeum limnia” and “Candidatus Nitrosoarchaeum koreensis” (41), and
an analysis of the “Candidatus Caldiarchaeaum subterraneum” composite genome revealed
the presence of a presumably fully functional ubiquitin-like protein modifier system (42).

The discovery of the Asgard archaea (17, 18), the currently most closely related archaeal
sister lineage of eukaryotes, has recently revealed a variety of additional ESPs in Archaea. For
instance, Asgard archaea not only encode additional homologs of eukaryotic informational
processing machineries but also harbor simplified versions of the eukaryotic oligosaccharyl-
transferase complex and ubiquitin modifier system. Furthermore, they encode an extended
set of small GTPases (17, 18), which are key regulators in eukaryotic cells with a central role in
vesicle trafficking machineries (43). Additional central components homologous to eukaryotic
vesicle transport and tethering were identified in the genomes of the Thorarchaeota (18).
Further, Asgard archaea harbor protein domains homologous to the key domains of the three
major eukaryotic ESCRT machinery complexes (ESCRT I-11l) and a diversity of cytoskeleton-
related proteins that are much more similar to their eukaryotic counterparts than those
previously identified in Archaea. These include the lokiactins found across the Asgard
representatives, as well as bona fide tubulins in Odinarchaeota (10, 17, 18). Notably, Asgard
archaea also encode actin-regulating proteins, such as the profilins (18), which were recently
shown to be functionally equivalent to those of eukaryotes (44).

Altogether, archaeal information processing machineries as well as an extended set of ESPs
in members of the TACK and in particular the Asgard archaea, further testify to the archaeal
origin of the eukaryotic cell. Importantly, the study of these complexes in Archaea can help to
provide a better understanding of eukaryotic cell biology and provide insight into the relative
timing of the evolution of cellular complexity.
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ARCHAEAL CELL MEMBRANES AND CELLS WALLS

The composition of archaeal cell membranes differs fundamentally from those of Bacteria and
eukaryotes (45). Forinstance, the glycerol used to make archaeal phospholipids is a stereoisomer of the
glycerolused to build bacterial and eukaryotic membranes, i.e., while Archaea use glycerol-1-phosphate,
eukaryotes and bacteria have glycerol-3-phosphate. Furthermore, Archaea harbor isoprenoid side
chains instead of the fatty acid side chains found in Bacteria and eukaryotes. These isoprenoids are
bound to the glycerol backbone by ether linkages contrasting with the ester linkages formed between
the bacterial and eukaryotic glycerol and fatty acid moieties. Archaeal isoprenoid side chains in the
two monolayers of the lipid bilayer can be linked, thereby giving rise to transmembrane phospholipids.
Theisoprenes can also form five-carbon ring structures, which may function in the stabilization of the
membranes of archaeal species that live in high temperature environments. More than 100 different
ether-type polar lipids, such as phospholipids and glycolipids, have been identified in Archaea (46).

Different archaeal representatives differ with regard to their cell walls. In contrast to Bacteria,
Archaea lack peptidoglycan and are thus naturally resistant to antibiotics that impair the synthesis
of peptidoglycan, such as penicillins. Some species of methanogenic Archaea contain cell walls
of pseudopeptidoglycan (pseudomurein) that superficially resemble bacterial peptidoglycan but
contain different components (e.g., N-acetyltalosaminuronic acid instead of and N-acetylmuramic
acid) and have B-1,3 instead of 3-1,4-glycosidic bonds. Yet, most archaeal species lack pseudomurein
andinstead harbor cell walls made of proteins, glycoproteins, or polysaccharides (47). Forinstance, a
common cell wall structure found in Archaea is composed of a paracrystalline surface layer, termed
S-layer, consisting of protein or glycoprotein moieties arranged in hexagonal patterns. Finally,
someArchaea, such as certain members of the order Thermoplasmatales, lack cell walls altogether.

TAXONOMIC DIVERSITY OF ARCHAEA

The Archaea were originally divided into two major phyla, termed Crenarchaeota and
Euryarchaeota (2). However, recent advances in culture-independent, high-throughput
sequencing techniques have uncovered a large diversity of novel archaeal lineages, most of which
remain uncultivated (5). Many of these newly discovered archaeal lineages are only distantly
related to established lineages within the Cren- and Euryarchaeota, which has led to the proposal
of many additional archaeal phyla and superphyla during the past years (7). Fig. 2 summarizes
the current understanding of the archaeal phylogeny, including established and proposed phyla,
classes, and orders, as well as their general physiological grouping and certain features discussed
below. However, please note that there is currently no consensus on how to best classify archaeal
lineages. Therefore, a widely accepted taxonomy of the Archaea remains to be established
(5). In particular, there are currently two main classification schemes used: the classification
suggested by Adam and coworkers that is implemented in NCBI (7) and the system introduced
by the developers of the Genome Taxonomy Database (GTDB) (https:// gtdb.ecogenomic.org/).
The latter of these was suggested to provide a standardized and rank-normalized genome-
based classification system, which was recently used to revise the bacterial taxonomy (48).
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Fig. 2 | Depiction of the phylogenetic diversity of the Archaea and the presence/absence of key features.
The unrooted phylogenetic tree was inferred with maximum likelihood using the 1Q-tree software (with
the C20+LG+F+R mixture model) and was based on an alignment of 11399 positions from a representative
set of 569 archaeal taxa. Highly supported clusters (assessed by ultrafast bootstraps (220) and SH-like
approximate-likelihood ratio test (221)) are indicated with gray or black dots based on their branch
supportvalues (see figure inlet). Taxa were predominantly named according to Adam et al. (7) (bold face),
but alternative names suggested by GTDB (https://gtdb.ecogenomic.org/) are indicated in parenthesis
when available. Numbers in brackets indicate the number of genomes/taxa per cluster. The presence and
absence of certain features are shown with black and gray circles for each major taxonomic lineage (see
figureinlet). Please note that the last column only reports those archaeal taxa that have been confirmed
to be part of the human archaeome.
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EURYARCHAEOTA

The Euryarchaeota (Fig. 2) comprise various cultivated and well-characterized archaeal species
including the globally important methanogens (i.e., methane producers) as well as anaerobic
methane-oxidizing Euryarchaeota (ANME) (49, 50). Methanogens and ANME play a key role in
the carbon cycle by anaerobically producing or consuming the potent climate gas, methane
(8,9,50-52). However, research during the past years has shown that the Euryarchaeota are a
phylogenetically and physiologically much more diverse radiation than originally thought (5,
7). Indeed, it remains to be elucidated whether Euryarchaeota comprise a monophyletic group
or phylogenetically distinct divisions, some of which may be more closely related to the TACK
and Asgard archaea (7, 53, 54). In the following, we provide an overview of the major lineages
comprising canonical and recently discovered lineages affiliating with the Euryarchaeota.

Methanotecta

The Methanotecta (Fig. 2), a recently proposed super-class (7), comprise the so-called
class Il methanogens (Methanosarcinales, Methanomicrobiales, Methanocellales), several
phylogenetically distinct ANME archaeal lineages, the Haloarchaeota, Archaeoglobales, as
well as the more recently described archaeal orders referred to as Methanonatronarchaeia,
Syntrophoarchaeales, Methanoliparales, and Methanophagales. We present major features of
these different lineages below.

Methanomicrobiales

The order Methanomicrobiales comprises several families, such as the Methanocalculaceae,
Methanoregulaceae, Methanospirillaceae, Methanomicrobiaceae, and Methanocorpusculaceae
(e.g., reviewed in (55)), and can be found in a variety of anoxic habitats, including wetlands,
soil, oceans and freshwater, landfills, rice paddies, as well as associated with animals (50).
Members of the Methanomicrobiales have diverse cell shapes, ranging from rods to cocci to
plates, including motile and nonmotile species, and grow between 0°C and 60°C (55). Cells
are often surrounded by glycoprotein-containing S-layers. Many Methanomicrobiales use
hydrogen and carbon dioxide to form methane and all species are obligate anaerobes. They
can use formate and alcohol but not acetate and methylated C1-compounds as substrates for
methanogenesis, distinguishing them from the Methanosarcinales (9, 55).

Methanosarcinales

The Methanosarcinales are closely related to the Methano microbiales and include families
such as the Methanosarcinaceae, Methanotrichaceae (formerly Methanosaetaceae), and
Mether micoccaceae (Table 1), as well as the Methanoperedenaceae (ANME-2d). While this
order comprises diverse methanogenic organisms, it also includes representatives of the
anaerobic methane-oxidizing Euryarchaeota ANME-2 and -3 lineages (50, 52, 56). Similar to the
Methanomicrobiales, representatives of the Methanosarcinales are found in a range of anoxic
habitats (50). Yet, in contrast to other methanogenic orders, the Methanosarcinales are known
for their much wider substrate range for methanogenesis, i.e., members of this group not only
use hydrogen and formate as substrates but also a variety of methylated compounds and
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acetate (8, 9). Considering that methanogenesis based on acetate may contribute up to two-
thirds of methane released to the atmosphere, members of this group have important roles in
the global carbon cycle (8, 51). Representatives of the ANME-2 and -3 lineages use the reverse
methanogenesis pathway to anaerobically oxidize methane (52). While some ANME-2 members
can grow independently using nitrate, nitrite, or Fe(lll) as electron acceptors (57-59), other
ANME-2 grow in syntrophic consortia with bacterial partners (especially sulfate reducers) that
serve as external electron sinks (52, 60). Members of these groups are particularly abundant
in the sulfate-methane transition zone in marine sediments and play an important role in
the global carbon cycle by reoxidizing a large fraction of the methane produced in marine
sediments before it can enter the atmosphere (52, 61).

Methanophagales (ANMET)

The Methanophagales comprise another lineage of anaerobic methane-oxidizing archaea, also
known as the ANME-1 lineage. While originally thought to affiliate with the Methanosarcinales,
they were recently shown to represent a sister lineage of the Syntrophoarchaeales (7)
(Fig. 2 and later in this chapter). Similar to the ANME-2 and -3 lineages that belong to the
Methanosarcinales, members of this group occur in diverse marine, terrestrial, and freshwater
environments (62), are particularly abundant in the sulfur-methane transition zone (61), and
use the reverse methanogenesis pathway for the anaerobic oxidation of methane (AOM)
(63). While ANME-1 has not been cultivated thus far, various lines of research have suggested
that members are able to oxidize methane in syntrophy with sulfate-reducing bacteria (SRB)
through direct electron transfer (52, 60, 64).

Methanocellales

Methanocellales represents a more recently described order of hydrogenotrophic methanogens
that were originally referred to as Rice Cluster | (RC-1) (65) due to their initial discovery in rice
paddy fields, where they are important producers of methane (66). The first representative of
this order, Methanocella paludicola, was isolated from an anaerobic, propionate-containing
enrichment culture (65) and represents a nonmotile anaerobe with rod-shaped cells thriving
at temperatures between 25°C and 40°C (65). While the isolate performs methanogenesis
using hydrogen, carbon dioxide, and formate, it uses acetate as a carbon source. Hydrogen is
provided by its syntrophic partner, the bacterium Syntrophobacter fumaroxidans (67). Similar
metabolic features were found in other representatives of this order, including M. arvoryzae
(68) and M. conradii (69).

Syntrophoarchaeales

Syntrophoarchaeales (sometimes assigned to the Methano sarcinales; Table 1) represent
a recently discovered group of anaerobic, alkane-oxidizing archaea usually found in
hydrocarbon-rich sediments (70, 71). For example, the first two representatives of this
lineage, Syntrophoarchaeum butanivorans and Syntrophoarchaeum caldarius, were originally
isolated from hydrothermal- and hydrocarbon-rich marine sediments of the Guaymas Basin
(71, 72). Notably, Syntrophoarchaeales grow by the anaerobic oxidation of butane as well as
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propane, which are thought to be metabolized using the reverse methanogenesis pathway also
operating in ANME archaea (73). In particular, they encode subunits homologous to the Methy!-
Coenzyme M Reductase (MCR) complex, which represents the key enzyme of methanogens
catalyzing the demethylation of CH3-S-CoM to methane (51). In Syntrophoarchaeales, MCR is
thought to be used in reverse and to mediate the first step of the breakdown of short-chain
alkanes eventually yielding carbon dioxide as an end product (71). As indicated by the names of
members of this group, studied representatives grow syntrophically with the sulfate-reducing
bacterium Candidatus Desulfofervidus auxilii.

Archaeoglobales

The Archaeaoglobales comprises species belonging to the genera Archaeoglobus, Ferroglobus,
and Geoglobus (74). The Archaeoglobus sp. is believed to be predominantly composed of strictly
anaerobic and hyperthermophilic members, growing optimally at 80°C and neutral pH. The
best studied representatives are autotrophs and/or organotrophs and can reduce sulfate or
sulfite during respiration (75). Species of Ferroglobus grow by oxidation of Fe(ll)S* and H,
(75), whereas Geoglobus grows anaerobically in the presence of acetate and ferric iron (74).
Recently, genomes of so far uncultivated members of the Archaeoglobi were reconstructed
from environmental samples and shown to encode MCR-like protein complexes similar to those
of methanogens and ANME archaea (76, 77). Based on genomic inferences, it was suggested
that the respective organisms may be able to grow by the oxidation of methane or alternative
short-chain alkanes.

Methanoliparales

Methanoliparales is an uncultivated lineage within the Methanotecta that phylogenetically
places between Archaeoglobales and a cluster comprising Syntrophoarchaeales and
Methanophagales. Methanoliparales were first discovered in two metagenomes from a
petroleum-enrichment culture and an oil seep and are represented by two metagenome-
assembled genomes: Candidatus Methanoliparum thermophilum NMla and Candidatus
Methanolliviera hydrocarbonicum NM1b (78). Genomic analyses suggest that Methanolipirales
are methanogens that encode the Wood-Ljungdahl carbon fixation pathway and are capable
of beta-oxidation. Interestingly, both genomes code for two distinct MCR complexes, which
may be involved in methanogenesis and the oxidation of alkanes, respectively.

Haloarchaeota

Halobacteria, herein referred to as Haloarchaea, are a diverse group of Archaea, most of which
are adapted to high salinity. Salt requirements of these species range from 1.5 to 5.2 M NaCl,
although most strains grow best between 3.5 and 4.5 M NaCl, at or near the saturation point
of salt (36% w/v salts). In order to maintain osmolarity of their cells in high-salt environments,
haloarchaeal members accumulate up to 5 M intracellular levels of KCl to counterbalance
high extracellular salt concentration. As a result, the entire intracellular machinery, including
enzymes and structural proteins, must be adapted to high salt levels. The proteins of all

225



Chapter 6

haloarchaeal species have a very low isoelectric point and the genomes contain high GC
contents that are well above 60% (79).

Some species of Haloarchaea are motile by means of tufts of flagella, although many species
are nonmotile (75). Haloarchaea comprise various aerobic or facultative anaerobes and show
diverse morphologies and shapes, including rods, cocci, and a multitude of pleomorphic forms
(75, 80). The lack of turgor pressure within haloarchaeal cells enables the cells to tolerate the
formation of corners, and as such, some species are even triangular or square-shaped (75, 80).
Cell envelopes of coccoid Haloarchaea are stable in the absence of salt, while, noncoccoid
species maintain their integrity only in the presence of high concentrations of NaCl or KCL (75).
Non-coccoid species have a proteinaceous cell envelope with glycoprotein subunits forming
a hexagonal pattern (75). Species of Haloarchaea are abundant in salt lakes, inland seas, and
evaporating ponds of seawater, such as the Dead Sea and solar salterns. Haloarchaea often
tint the water column and sediments in bright colors due to the presence of retinal-based
pigments. Some of these pigments are capable of the light-mediated translocation of ions
across cell membranes. The best known halobacterial pigment is bacteriorhodopsin, which
is an outwardly directed proton pump. Bacteriorhodopsin is involved in energy conservation
and is the only nonchlorophyll-mediated light energy transducing system known to date (79).
Other retinal-based pigments found in Haloarchaea include halorhodopsin, which is an inward
chloride pump involved in osmotic homeostasis, as well as sensory rhodopsin land Il (SRl and
SRII, respectively). SRl and SRII can mediate positive and/or negative phototaxis (79).

Methanonatronarchaoeta

Another lineage of halophilic archaea are the Methanonatronarchaeota, which were first
recovered from hypersaline anoxic lake sediments (81) and are currently represented by isolates
from two distinct subgroups: the soda lake isolate Methanonatronarchaeum thermophilum
AMET and the salt lake isolate Candidatus Methanohalarchaeum thermophilum HMET (81). Cand.
M. thermophilum has motile, coccoid cells that are around 0.4 uM in diameter and are surrounded
by an S-layer. These anaerobic organisms tolerate a range of pH (between 6.5 and 8 [HMET]
and 9.5 and 9.8 [AMET]) and grow optimally at a temperature of 50°C and salt concentrations
of 4 M by accumulating high concentrations of potassium inside their cells for osmotic
balance (“salt-in strategy”) (81, 82). Cand. M. thermophilum is a heterotrophic methanogen
that grows with C1-methylated compounds as electron acceptors, such as methanol or
trimethylamine, and formate or hydrogen as electron donors (81). The 16S rRNA gene analyses
indicate that Methanonatronarchaeota are the first cultured representatives of the SA1 group,
which is commonly found in hypersaline environments (81, 83). Yet, the exact placement of
Methanonatronarchaeota in the archaeal tree of life is still debated. While initial phylogenetic
analyses placed this lineage sister to Haloarchaea (81), recent analyses have suggested
that the Methanonatronarchaeota form an early diverging lineage of the Methanotecta (84).
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DIAFORARCHAEA

The Diaforarchaea comprise a recently suggested superclass (7) that includes the
Thermoplasmata and related lineages, such as the diverse and abundant Marine Group Il and
Il archaea (85, 86), now also known as the Poseidoniales and Pontarchaeales, respectively, as
well as a recently discovered new order of methanogens, the Methanomassiliicoccales (87).

Thermoplasmatales

The Thermoplasmatales comprise the genera Acidiplasma, Thermoplasma, Picrophilus,
Cuniculiplasma, and Ferroplasma. Cunicuplasma, Thermoplasma, and Ferroplasma are the
only cultivated archaeal representatives that lack cell walls (75, 88). Species of Thermoplasma
are facultative anaerobes and obligate heterotrophs, using elemental sulfur for respiration.
Most members of this group are thermoacidophiles and grow optimally at 60°C and pH 2
(75). For instance, representatives may be found in self-heating coal refuse piles and in acidic
solfatara fields (75).

Members of the Picrophilus are the most acidophilic organisms known so far (89). They form
irregular cocci that are 1-1.5 um in diameter and contain S-layer cell walls (75). Picrophilus are
thermophilic and hyperacidophilic and grow at temperatures between 47°C and 60°C and pH
ranges of 0-3.5 (75). Their ability to grow at pH values near 0 and at high temperatures has
shifted the physicochemical boundaries at which life was considered to exist.

In contrast to other members of the Thermoplasmatales, Ferroplasma are not thermophilic and
can grow autotrophically using ferrous iron as energy and inorganic carbon as a carbon source.
Representatives can be found in a variety of acidic environments with stable chemical conditions,
such as ore deposits, mines, and acid mine drainage systems (natural or man-made), as well asin
areas with geothermal activity (90, 91). Representatives of this family are cell wall-lacking extreme
and obligate acidophiles that are able to grow at pH values around 0. Together with members
of Picrophilum, they comprise a group of the most extreme acidophilic organisms known,
members of which tolerate high concentrations of iron, copper, zinc, and other metals (91).

Aciduliprofundales

Aciduliprofundales, formerly named the “deep-sea hydrothermal vent euryarchaeota 2”
(DHVE2) lineage, is currently represented by the cultivated Aciduliprofundum boonei (92, 93). As
the original name suggests, Aciduliprofundales are predominantly found across hydrothermal
vents, where they can represent up to 15% of the archaeal community (92-94). A. boonei is an
anaerobic heterotroph that ferments peptides and is able to reduce elemental sulfur or ferric
iron ata pH between 3.3 and 5.8 (optimum pH 4.6) and an optimal growth temperature of 70°C
(92). This organism is motile with a single flagellum and has pleomorphic cells of about 0.6-1
UM in diameter that are surrounded by a single S-layer.
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Methanomassiliicoccales

The order Methanomassiliicoccales represents the first lineage of the Thermoplasmata known
to comprise methanogenic members (87), several of which have been isolated, such as
Methanomassiliicoccus luminyensis (95, 96), Candidatus Methanomethylophilus alvus (97), and
Candidatus Methano plasma termitum (98). Methanomassiliicoccales are widely distributed in
wetlands and sediments as well as the gastrointestinal tracts of animals including those of
humans and cows (87, 99, 100). Members of this group comprise H,-dependent methylotrophic
methanogens, which are able to use methylated amines (100) including mono-, di-, and
trimethylamines for methanogenesis. Considering that the latter compounds have been
implicated in human disease, gut-associated members of the Methanomassiliicoccales may
play an important role in human health (100).

Poseidoniales

The Poseidoniales (101), formerly Marine Group Il (MG 1), lack any cultured representatives and
are mainly known from 16S rRNA gene diversity assays and genomic analyses. Poseidoniales
are often found in the photic zone of marine waters and can present up to 15% of archaeal cells
in the Atlantic ocean (102-104). They are further divided into Candidatus Poseidonaceae (MGlla)
and Candidatus Thalassarchaeacea (MGllb), whose abundances seasonally fluctuate, i.e.,
members of MGlla and MGlIb are more abundant in the summer and winter, respectively (105).
Members of this group comprise aerobic heterotrophs with the potential to utilize a range of
substrates such as proteins, peptides, amino acids, fatty acids, carbohydrates, xenobiotics, and
agar (101, 106-110). In addition, some representatives of the class Ca. Poseidoniia, found in the
photic zone, encode proteorhodopsin indicative of a photoheterotrophic lifestyle (101, 107, 110).

Pontarchaeales

The order Pontarchaeales, or Marine Group ll1, are often found in the deep ocean, while being
less abundant in the photic zone (102, 111). Based on genomic data, it was inferred that
deepsea Pontarchaeales likely represent motile heterotrophs that might degrade proteins,
carbohydrates, and lipids (112). In contrast, surface dwelling members of the Pontarchaeales
seem to encode photolyase and rhodopsin genes and in turn may be photoheterotrophs (111).
Notably, both the Pontarchaeales and the Poseidoniales lack the key archaeal lipid biosynthesis
gene encoding glycerol-1 phosphate dehydrogenase, such that it is currently unclear whether
members of these orders encode canonical archaeal lipids (45). In particular, the presence of
genes for glycerol-3 phosphate dehydrogenase, which is essential in the synthesis of bacterial
lipids, has led to the suggestion that these Archaea may have mixed membranes (45, 101).

OTHER EURYARCHAEOTA

The following section provides an overview of additional lineages affiliating with the
Euryarchaeota, including methanogenic lineages that have been extensively studied in the
past. However, some analyses indicate that at least some of these orders may be more closely
related to the TACK and Asgard archaea (7, 53, 54).
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Methanococcales

As the name implies, the Methanococcales include representatives with coccoid shapes and
proteinous cell walls (75). All members of this lineage are thought to be strict anaerobes
that obtain energy by the reduction of CO2 to methane (9) and comprise mesophilic (e.g.,
Methanococcus) to thermophilic (e.g., Methanothermococcus) to hyperthermophilic (e.g.,
Methanocaldococcus) taxa (75).

Thermococcales

Members of the Thermococcales represent anaerobic heterotrophs that utilize a wide range
of organic compounds, including amino acids, a variety of sugars, and organic acids such as
pyruvate. When available, they can use elemental sulfur as the terminal electron acceptor.
Extensive research has been carried out on the metabolism of cultivated representatives
and led to the discovery of unique enzymes and pathways (113). Certain members of the
Thermococcales represent important model organisms. For example, the hyperthermophilic
Pyrococcus furiosus, which grows anaerobically at temperatures near 100°C using
carbohydrates and peptides as carbon and energy sources (75), has been extensively used
to study thermostable enzymes and adaptations to high-temperature environments (114).

Methanobacteriales

The Methanobacteriales comprise another lineage of methanogenic archaea that reduce
CO2 or methyl compounds with H_, formate, or secondary alcohols as electron donors. They
include rod-shaped, lancet-shaped, or coccoid members, which contain cell walls made of
pseudopeptidoglycan. Methanobacteriales are widely distributed in nature and are found
in anaerobic habitats such as aquatic sediments, soil, anaerobic sewage digesters, and the
gastrointestinal tracts of animals to name a few (50, 75).

Methanopyrales

The Methanopyrales consists of a single genus, Methanopyrus, comprising rod-shaped
members with cell walls made of pseudopeptidoglycan (75). Known Methanopyrus are
hyperthermophilic, and grow between 84°C and 110°C, with optimal growth at 98°C. Similar
to other methanogenic lineages, members of this group have a chemolitoautotrophic lifestyle
converting CO, and H, to methane (9, 75). While it has proven difficult to resolve the exact
phylogenetic placement of the Methanopyrales relative to other archaea, it has recently been
suggested that this lineage forms a monophyletic clade together with the Methanobacteriales
and the Methanococcales referred to as Methanomada (7). However, it remains to be determined
whether these so-called group 1 methanogens (9) are indeed closely related phylogenetically
(Fig. 2).

Methanofastidiosales

Methanofastidiosales represent a recently discovered and thus far uncultivated archaeal
lineage (also known as WSA2 or Arc 1), whose members are present in diverse environments
including sediments, groundwater, and bioreactors (115-117). Metagenomic approaches have
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enabled the reconstruction of genomes of representatives of the Methanofastidiosales from
wastewater-treatment bioreactors (117). While members of this group encode key genes for
methanogenesis, they lack genes related to carbon-fixation pathways and were suggested to
solely use methylated thiols as substrates for methanogenesis (117).

Theionarchaeota

Theionarchaea (formerly ZTME43) represents another clade of uncultivated archaea, which
forms a sister lineage of the Hadesarchaea (see next) and was originally discovered in water-filled
limestone sinkholes in northeastern Mexico (118). This clade is currently represented by two
genomes that were recovered from the White Oak River Estuary in North Carolina (119). Genomic
analyses indicated that Theionarchaea might conserve energy by peptide fermentation.

Hadesarchaea

The Hadesarchaea, which were originally referred to as the South-African Gold Mine
Miscellaneous Euryarchaeal Group (SAGMEG), are distributed in a variety of anoxic
environments, including the terrestrial subsurface as well as marine sediments, which
cover a wide span of temperatures (120-123). The first genomes of members of this clade
were reconstructed from the water column of the White Oak River estuary (123) as well as
Yellowstone National Park (YNP) hot spring sediments and indicated the capability of anaerobic
CO oxidation potentially coupled to nitrite or H,0 reduction (123). Notably, another genome
of a member of the Hadesarchaea was recently obtained from a hot spring metagenome
and shown to encode a mcr-like operon. Based on phylogenetic analyses of MCR subunits as
well as genomic analyses, it was suggested that these Hadesarchaea may represent alkane-
oxidizing archaea similar to members of the Syntrophoarchaeales (124) and perhaps some
representatives of the Bathyarchaeota (50).

Persephonarchaea

The Mediterranean Sea Brine Lakes 1 (MSBL1) clade, now referred to as the Persephonarchaea
(7), is another lineage of uncultivated archaea that is closely related to the Hadesarchaea.
The Persephonarchaea are commonly found in marine hypersaline environments (125, 126)
and comprise potential anaerobic mixotrophs that may conserve energy through sugar
fermentation but may also be able to fix inorganic carbon (127). Genomic inferences suggest
that MSBL1 archaea synthesize trehalose as putative osmolyte to encounter the high salt
conditions in their environment (127).

Hydrothermarchaeota

The Hydrothermarchaeota (7), also known as the Marine Benthic Group-E (MBG-E), were
originally discovered in marine deep-sea sediments (128) and represent an uncultivated
archaeal lineage widely distributed in deep subseafloor environments. Genomes from
members of this group have been reconstructed from metagenomes of the Juan de Fuca
Ridge flank, Guaymas Basin hydrothermal sediments, and the Mid-Atlantic Ridge of the
South Atlantic Ocean (129-131). Genomic analyses have indicated that Hydrothermarchaea
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are metabolically versatile (131) and include putative anaerobic chemolithoautotrophs that
use carbon monoxide and/or hydrogen as electron donors as well as a variety of electron
acceptors including nitrate and sulfate (132, 133).

THE TACK SUPERPHYLUM

The TACK superphylum was originally introduced to describe the Crenarchaeota and the
related phyla referred to as the Thaumarchaeota, Aigarchaeota, and Korarchaeota (16).
During the past years, many additional lineages affiliating with the TACK archaea have been
discovered through metagenomics and single cell genomics approaches and the TACK lineage
has therefore been suggested to be referred to as the Proteoarchaeota (134). However, a
consensus has yet to be reached regarding both the naming as well as the validity of using
a superphylum as a taxonomic level. In the following sections, we introduce canonical and
recently discovered clades belonging to the TACK archaea.

Crenarchaeota

The Crenarchaeota includes a diversity of (hyper-) thermophilic archaeal species, many of which
have been discovered through cultivation-based approaches before the onset of the genomics
era in microbiology and now represent important model organisms. This taxon is composed
of a single class, the Thermoprotei, which is subdivided into three to five subclades, the
Thermoproteales, Sulfolobales, Desulfurcoccales as well as the Fervidicoccales and Acidilobales.
However, the latter two may in fact belong to the Desulfurococcales (Fig. 2). Cultured
crenarchaeal species are morphologically diverse, and include rods, cocci, filamentous, and
disk-shaped cells. Almost all cultured species are obligate (hyper-) thermophiles, with optimal
growth temperatures ranging from 70°C to 113°C and many members are also acidophiles and
capable of metabolizing sulfur. Representatives of the Crenarchaeota thrive in environments
such as hot solfataras, volcanic areas, as well as hydrothermal vents at the bottom of the
ocean. A variety of metabolic capabilities have been described in the different members of
the Crenarchaeota. For instance, some Thermoproteales are chemolithoautotrophs, using
carbon dioxide as a carbon source and conserving energy by the conversion of hydrogen and
elemental sulfur to hydrogen sulfide. Others respire various organic substrates using oxygen,
sulfur, nitrate, or nitrite as electron acceptors (75). Many members of the Desulfurococcales
are strict anaerobes and neutrophiles to weak acidophiles, growing optimally at pH 5.5-7.5
(135). Representatives of the Sulfolobales are acidophilic hyperthermophiles, which can grow
lithoautotrophically by oxidizing sulfur or chemoheterotrophically on simple reduced carbon
compounds using sulfur derivatives as electron acceptors. Notably, the Crenarchaeota include
several members that have been shown to be hosts of the small-celled Nanoarchaeota (136-
140) (see later in this chapter). In particular, the biocoenosis between Ignicoccus hospitalis, a
member of the Desulfurococcales, and its nanoarchaeal ectosymbiont, Nanoarchaeum equitans,
has been extensively studied and provides importantinsights into archaeal cell biology and cell-
cell communication (141). For instance, investigation of I. hospitalis has revealed remarkable
cellular features including the presence of two outer membranes surrounding a large
periplasmic space as well as an endomembrane system reminiscent of eukaryotic cells (142).
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Thaumarchaeota

Environmental 16S rRNA-based surveys in the early 1990s have led to the discovery of
uncultivated archaeal lineages distantly related to the Crenarchaeota in moderate marine
and terrestrial ecosystems. The subsequent cultivation of the first representatives of these
so-called mesophilic Crenarchaeota (also MG1) from marine and terrestrial environments
(143) and the study of the first genomes of members of this group (144, 145), revealed that they
form a separate phylum within the Archaea referred to as the Thaumarchaeota that distantly
affiliates with the Crenarchaeota. Most cultivated Thaumarchaeota are chemolithoautotrophic
ammonia-oxidizing archaea (AOA), which play an important role in the nitrogen and carbon
cycles in both aquatic and terrestrial environments (146). However, the reconstruction of
genomes of deep-branching Thaumarchaeota has recently led to the suggestion that not all
members of this group are AOA but instead represent chemoorganotrophs that may reduce
oxygen, nitrate, or sulfur (147). This notion was recently confirmed with the isolation of the
thermoacidophilic, sulfur- and iron-reducing organoheterotrophic Conexivisphaera calidus,
a potentially early diverging member of the Thaumarchaeota (148).

Aigarchaeota

The Aigarchaeota represent another proposed candidate phylum that comprises species of
the Hot Water Crenarchaeotic Group | (HWCGI), members of which have not been cultivated
so far. Genomic analyses of the first representatives of this group have suggested that the
Aigarchaeota comprise both facultative and obligate anaerobes, which may respire a variety
of organic substrates and perhaps also hydrogen and carbon monoxide using oxygen or
oxidized sulfur or nitrogen compounds as electron acceptors (42, 149-152). Furthermore,
several representatives seem to have the ability to fix inorganic carbon. Aigarchaeota seem
to predominantly inhabit thermally heated terrestrial and marine ecosystems, including hot
springs, subsurface aquifers, and mine fracture waters (150, 152).

Korarchaeota

The Korarchaeota comprises a group of uncultivated Archaea that had already been discovered
in the late 1990s in terrestrial and marine thermal environments (153). The first member of
this clade, referred to as “Ca. Korarchaeum cryptofilum,” was shown to comprise ultra-thin,
needle-shaped cells measuring up to 100 um in length. Genomic analyses indicated that this
organism represents a peptide fermenter with a unique set of informational processing genes,
which early on indicated that it comprises the first member of a distinct archaeal phylum
(154). Recently, genomes of additional members of the Korarchaeota have been recovered
from deep-sea hydrothermal vent sediments (130) and hot spring environments (18, 124, 155)
providing novel insights into the metabolic features of this clade. Notably, genomic analyses
revealed that certain members of the Korarchaeota harbor the key genes for methanogenesis,
(155) which may for instance enable methanogenesis from methanol and hydrogen or the
coupling of the anaerobic oxidation of methane with sulfite reduction (155).
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Bathyarchaeota

Bathyarchaeota were originally discovered through 16S rRNA gene surveys in hot springs (153)
and were referred to as Miscellaneous Crenarchaeota Group (MCG) (156) due to their distant
affiliation with cultivated Crenarchaeota. This extremely diverse phylum is now subdivided
into at least 25 subgroups, which are defined at family and order level (157). Notably, members
of this putative phylum-level lineage can be found in a diversity of anoxic marine, terrestrial,
and hydrothermal environments including marine sediments and often represent the most
abundant archaeal community members (157-159). Based on genomic analyses, it is inferred
that many Bathyarchaeota are heterotrophs with a wide substrate range including acetate,
proteins, and aromatic compounds such as lignin (157, 160). However, the Bathyarchaeota
also includes putative acetogenic species (161) as well as organisms with mcr genes (162),
which are closely related to those of Syntrophoarchaea (71). In turn, it has been suggested
that some members of the Bathyarchaeota may be able to mediate the anaerobic oxidation
of short-chain alkanes (50).

Geoarchaeota

Geoarchaeota, also Novel Archaeal Group 1 (NAG1), are often found in hypoxic to oxic, hot,
acidic, iron-rich springs (163-165) and represent a lineage of thus far uncultivated archaea
which seem to be closely related to or part of the Crenarchaeota (164, 166). Based on genomic
inferences, it has been suggested that the Geoarchaeota are likely motile and might conserve
energy through the oxidation of carbon monoxide, peptides, and/or carbohydrates using
oxygen as a terminal electron acceptor (149, 164).

Verstraetearchaeota

Verstraetearchaeota were originally discovered in deep South-African Gold mine microbial
communities through 16S rRNA gene surveys and were referred to as Terrestrial Miscellaneous
Crenarchaeota Group (TMCG) (120). Members of this group seem to be widely distributed and
are also found in hydrocarbon-rich environments, sediments, soil, and wetlands (167). First
insights into the metabolic features of members of this group were derived from genomes
assembled from anoxic digesters, named Methanomethylicus sp. and Methanosuratus
sp. (167). Subsequently, additional representatives were discovered and referred to as
Methanohydrogenales and Methanomediales (168). Notably, the Verstraetearchaeota comprise
members with mcr-gene operons most similar to those found in methanogenic Euryarchaeota.
In turn, based on genomic inferences, it was suggested that the Verstraetearchaeota likely
include anaerobic methylotrophic as well as hydrogenotrophic methanogens (167-169).

Nezhaarchaeota

Nezhaarchaeota are a recent addition to the TACK superphylum represented solely by
uncultivated members, whose genomes were assembled from hot spring metagenomes and
hydrothermal sediments (77). Notably, the Nezhaarchaeota encode a MCR protein cluster and
are potential hydrogenotrophic methanogens (77).



Chapter 6

Marsarchaeota

The Marsarchaeota, or “Novel Archaeal Group 2” (NAG2), are typically found in geothermal, iron
oxide-rich mats (163). The first genomes of members of this lineage were recently recovered
from thermal (50-80°C) and acidic (pH 2.5-2.5) microbial mats from Yellowstone National Park
(170) and led to the suggestions that the Marsarchaeota are aerobic chemoorganotrophs that
degrade lipids, peptides, and carbohydrates and may be able to reduce ferric oxide.

Geothermarchaeota

The Geothermarchaeota represents one of the most recent additions to the Archaea and is
thus far only represented by uncultivated members, whose genomes have been reconstructed
from metagenomes from the Juan de Fuca Ridge subseafloor (129) and hydrothermal vent
sediments in the Guaymas Basin (130). Little is yet known about the lifestyle and ecological
roles of Geothermarchaeota, and in-depth genomic analyses will be necessary to infer their
metabolic potential.

THE ASGARD SUPERPHYLUM

The Asgard superphylum is a recently described archaeal radiation, which comprises several
different archaeal clades of high taxonomic rank (likely phylum-level) (17, 18). Notably,
phylogenetic and comparative genomic analyses have indicated that this archaeal clade
includes the closest archaeal sister lineage of eukaryotes (discussed previously in this chapter).
Members of this superphylum have originally been discovered in sediments all around the
world, in which they can comprise a significant fraction of the microbial diversity. In the
following, we briefly introduce the major metabolic features of the currently known members
of the Asgard archaea, i.e., the Loki-, Thor-, Odin-, Hel-, and Heimdallarchaeota.

Lokiarchaeota

The Lokiarchaeota represents an archaeal lineage originally referred to as the Deep Sea
Archaeal Group (DSAG) or Marine Benthic Group B (MBGB) archaea, which are abundant in
diverse marine sediments (94, 171). For example, the Lokiarchaeota comprise up to 10% of
the microbial community in cold sediments near Loki’s Castle hydrothermal vent field from
which the first metagenomes were obtained (17, 18). Members of the Lokiarchaeota might be
autotrophs using the Wood-Ljungdahl pathway for carbon fixation (172). However, genomic
analyses also revealed the potential for the use of a variety of organic carbon substrates,
suggesting that representatives of the Lokiarchaeota may predominantly rely on fermentative
growth (20). In fact, the successful cultivation of the first Lokiarchaeote, Candidatus
Prometheoarchaeum syntrophicum, revealed that this organism ferments amino acids enabled
through a syntrophicinteraction with hydrogen- or formate-consuming partner organisms (22).

Thorarchaeota

The Thorarchaeota share many metabolic features with the Lokiarchaeota (20, 173, 174).
Currently known representatives harbor a variety of genes likely encoding proteins involved
in the usage of organic substrates. Furthermore, they encode the Wood-Ljungdahl pathway,
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which could be used for carbon fixation or serve as an electron sink during growth on organics.
In contrast to currently known Lokiarchaeota, members of this group also harbor a putative
NADH dehydrogenase that may enable respiratory growth in addition to fermentation (20).
Based on current environmental survey data, the Thorarchaeota seem less abundant than the
Lokiarchaeota but occur in a wide variety of anoxic environments (18).

Heimdallarchaeota

Thus far known representatives of the Heimdallarchaeota are metabolically diverse and
differ from other Asgard lineages (20). While genomic analyses indicate that they are able
to utilize a large variety of organic substrates similar to other members of the Asgards, they
do not seem to be fermentative organisms and current members lack the Wood-Ljungdahl
pathway. Instead, they encode a membrane-bound electron chain, which allows growth using
oxygen and nitrite as electron acceptors (20, 21). Heimdallarchaeota are currently thought to
comprise the archaeal lineage most closely related to the archaeal ancestor of eukaryotes.
However, though found in a variety of environmental samples including anoxic sediments
and oxygenated waters, they are generally less abundant than the Loki- and Thorarchaeota.

Odinarchaeota

Odinarchaeota are currently represented by a single genome, which was obtained from
a hot spring metagenome (18). Similar to other members of the Asgard superphylum,
Odinarchaeum encodes the ability to use organic compounds as growth substrates (20). Yet,
it lacks the key enzyme of the Wood-Ljungdahl pathway and instead encodes membrane-
bound hydrogenases, which suggests that the thermophilic Odinarchaeum may conserve
energy through fermentation of organic substrates to hydrogen, acetate, and carbon dioxide.
Members of the Odinarchaeota are thought to predominantly inhabit thermal environments
such as hot spring sediments and hydrothermal vents (18).

Helarchaeota

The Helarchaeota represent the most recently discovered clade within the Asgard archaea
(175). While they harbor similar gene sets as the Loki- and Thorarchaeota, currently known
representatives of this lineage also contain mcr-gene clusters. Phylogenetic analyses of the
encoded proteins revealed their close relationship with proteins of Syntrophoarchaea opening
the possibility that certain members of the Asgard archaea have the potential to anaerobically
oxidize short-chain alkanes, perhaps in syntrophy with microbial partners (175). However, the
environmental distribution of the Helarchaeota and the functional importance of this potential
alkane metabolism in Asgard archaea remain to be determined.

THE DPANN SUPERPHYLUM

The DPANN superphylum is the fourth major radiation in the Archaea, besides the
Euryarchaeota, TACK, and Asgard archaea (149, 176, 177). Currently, this radiation is assumed
to comprise a large diversity of distinct archaeal clades most of which seem to predominantly
include members with extremely small genomes and cell sizes that are thought to depend
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on partner organisms for growth and survival (177). While first defined in reference to the
Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaeota
(DPANN) (149), additional lineages such as the Micrarchaeota, Pacearchaeota, Woesearchaeota,
and Huberarchaeota are now also considered members of this group (177, 178). Furthermore,
the Altiarchaeota (179), representatives of which do not have reduced genomes, are sometimes
considered to belong to the DPANN (177, 180). However, the boundaries between certain clades
of DPANN and other archaea (in particular the Euryarchaeota) are not well defined and it
remains to be established which lineages indeed belong to a monophyletic (i.e., sharing a
common ancestor) DPANN clade (180).

Nanoarchaeota

The first representative lineage of the DPANN archaea was already discovered in 2002, i.e.,
long before the DPANN radiation was known. In particular, Huber and coworkers discovered
a small-celled organism in cultures of the crenarchaeaum, I. hospitalis, which they referred
to as N. equitans (136). Initially, it was suggested that this organism is the first representative
of a novel phylum called Nanoarchaeota or may represent a highly derived member of the
Euryarchaeota (136, 181). However, upon the genomics-based discovery of additional archaeal
lineages represented by organisms with small genomes, which affiliated with Nanoarchaeota,
it was proposed that the Nanoarchaeota belong to the DPANN radiation (149).

Notably, the nanosized hyperthermophilic N. equitans is obligately host-dependent and
grows as an ectoparasite on the surface of /. hospitalis (182, 183). It lacks genes for many
major metabolic pathways and in turn depends on its host for the acquisition of diverse
metabolites likely including lipids, amino acids, and ATP. In line with this, the genome of
N. equitans represents one of the smallest known genomes of any extracellular organism
(480 kb) (184). However, compared to the genomes of many bacterial endosymbionts,
the genome of N. equitans does not show evidence of pseudogenes and contains a full
complement of tightly packed genes encoding informational processing machineries (184).
Similar trends have recently been seen in other representatives of the DPANN radiation
(177). Members of the Nanoarchaeota have been found in a variety of thermal environments
ranging from hydrothermal vents to hot springs and are now assumed to infect a variety of
different crenarchaeal hosts. For instance, additional Nanoarchaeaota, such as Candidatus
Nanobsidianus stetteri, Candidatus Nanopusillus acidilobi, and Candidatus Nanoclepta minutus
have recently been successfully co-cultivated with their crenarchaeal hosts referred to as
Acidolobus sp., Acidilobus sp. TA, and Zestosphaera tikiterensis, respectively (138, 185, 186).

Overview of Other Putative DPANN Clades

Most of the other DPANN clades are represented by genomes reconstructed through
metagenomics or single-cell genomics approaches. However, recent cultivation efforts have
led to the enrichment of the first co-culture of a member of the Nanohaloarchaeota with its
haloarchaeal host, i.e., Ca. Nanohaloarchaeum antarcticus and Halorubrum lacusprofundi
(187), and of members of the Micraarchaeota members with their putative archaeal partners
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belonging to the Thermoplasmatales (188, 189). Even though Ca. N. antarcticus has a larger
genome and metabolic gene repertoire than N. equitans, it seems to obligately depend onits
host for growth and survival (187).

Additional insights into the diversity and metabolic potential of members of the various
DPANN clades predominantly derive from genomic inferences (6, 177, 180). For instance, the
Woese- and Pacearchaeota seemingly represent extremely diverse DPANN lineages whose
members differ in the extent of genome reduction and metabolic capabilities. However,
all representatives lack major and essential metabolic pathways indicating obligate host
dependency. Few representatives of the DPANN, such as members of the Diapherotrites (190),
may be able to conserve energy through fermentation. But the lack of some biosynthetic
pathways indicates that they still depend on the external acquisition of certain amino acids,
vitamins and/or cofactors (177, 180).

While much has to be learned about the DPANN archaea, the discovery of this large diversity
of putative archaeal symbionts and the occurrence of certain representatives in almost all
environments on Earth indicates that the future investigation of this radiation will be crucial
for our understanding of both the evolution and ecology of Archaea and theirimpact on global
nutrient cycles.

Altiarchaeota and its Symbiont—A Member of the Huberarchaeota

The Altiarchaeota represent a lineage variably affiliating either with the DPANN archaea or
Euryarchaeota (6, 135, 177, 179, 180, 191) in phylogenetic analyses depending on the type
of analysis (e.g., with regard to model choice) and data used. Altiarchaeota (formerly also
referred to as SM1 Euryarchaeota) were originally discovered in a cold (~10°C), sulfurous
Moor in Germany (135) but can also be found in sulfidic springs (192, 193), marine sediments,
hot springs, and aquifers (191). Notably, some members of the Altiarchaeota are found in
microbial consortia that display a unique morphology described as a “string-of-pearls,”
which is several millimeters in length and consists of tiny white pearls (0.5-3 mm diameter)
connected by thin threads (135). The outer part of the pearlis composed of bacteria, such as
the Gammaproteobacterium Thiotrix uunzi (194) [194] or the Epsilonproteobacterium IMB1 (195),
while the inside is dominated by Altiarchaeota (135). The large size of the consortium allows
for the effective enrichment of Altiarchaeota on polyethylene nets that can consist of ~98%
of archaeal cells and ~2% bacteria (196). Other representatives of the Altiarchaeota occur in
almost single-member biofilms (~5% bacteria, ~95% Altiarchaeota) in sulfidic springs (192, 193).

Notably, Altiarchaeota have not only been found in symbiosis with bacteria but represent the
hosts of members of the Huberarchaeota, a recent addition to the DPANN superphylum (178,
197). Similar to other DPANN archaea, known members of the Huberarchaeota have reduced
genomes and lack proteins related to energy metabolism, regeneration of redox equivalents and
nucleotide biosynthesis indicating that they depend on a variety of compounds from their hosts.
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The first insights into the metabolism of the Altiarchaeota came from the metagenome-
assembled genome (MAG) of Candidatus Altiarchaeum hamiconexum, which was reconstructed
from a cold, sulfidic spring in Germany (179). Genomic analyses suggested this representative is
an anaerobic autotroph, potentially capable of growth on carbon dioxide and possibly acetate,
formate, and carbon monoxide (179). Ca. A. hamiconexum is a biofilm-forming, nonmotile
organism with coccoid cells (0.4-0.7 uM in diameter) and a double membrane (179). Cells
can be surrounded by up to 100 hair-like proteinaceous appendages of 2-3 uM length, so-
called hami, which mediate adhesion to various surfaces (198). However, representatives of
the Altiarchaeota from sediments lack genes encoding proteins involved in hami formation
and show specific adaptations to their respective environments (191).

ARCHAEA AS PART OF THE HUMAN MICROBIOME

For a long time, it was thought that Archaea played minor roles in the microbiomes of humans
and other mammals and true archaeal pathogens remain to be discovered. The first archaeon
associated with humans was described in 1982, the methanogenic Methanobrevibacter smithii,
which was isolated from human feces (199) suggesting that the methane exhaled by a certain
proportion of humans may be produced by methanogens residing in the gastrointestinal tract (200).
Since then, several archaeal species have been identified to be associated with the intestinal, oral,
gut, nasal, vaginal, lung, and skin microbiota of both humans and other animals (201-203). However,
their roles in human health and disease remain poorly understood (201-205). In the following, we
summarize current knowledge regarding the diversity and function of human-associated archaea.

ORAL ARCHAEOME

Methanogenic archaea are part of the oral archaeome with Methanobrevibacter oralis being
the most frequently detected species (205, 206). Notably, M. oralis seems to be correlated
with periodontitis severity, supporting a potential pathogenic role of methanogenic archaea
(206-208). While no direct experimental evidence has demonstrated the virulence pattern of
M. oralis and other oral archaeal species, the unique metabolism of methanogenic archaea
provides insight into possible drivers of oral disease. For instance, methanogens in periodontal
pockets may serve as an H, sink, which would favor the proliferation of syntrophic pathogenic
microbes (206-209). Recent investigation into microbial communities in the oral cavity has
shown significant positive correlations between the abundance of methanogens with that of
Prevotella intermedia, a known bacterial pathogen involved in periodontal infections such as
periodontitis, gingivitis, and necrotizing ulcerative gingivitis (208).

The relationship between these two groups in periodontal pockets is still unknown, but
indirect and direct associations between the methanogens and the local environment may
be driving the proliferation of P. intermedia through a series of possible syntrophic interactions
(208). A current key research interest is to further determine the immediate role of archaea in
the pathogenesis of periodontal infections (206, 210).
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GUT ARCHAEOME

To date, three species of methanogenic archaea have been cultivated and isolated from
gut-derived samples, i.e., from human stool: M. smithii, Methanosphaera stadtmanae, and
Methanomassiliicoccus luminyensis (95, 199, 211). With the help of molecular tools, two
candidate-species, Candidatus Methanomassiliicoccus intestinalis and Candidatus Methano
methylophilus alvus, in addition to several unknown members of the orders Methanosarcinales,
Methanobacteriales, Methanococcales, Methanomicrobiales, and Methanopyrales, have been
shown to inhabit the human gastrointestinal tract (202). Further, the presence of methanogens
in biopsy samples suggests that they may be associated with the mucosal lining in addition
to their presumed presence in the lumen (202). M. smithii is the major archaeal componentin
the human gut, while M. stadtmanae and M. luminyensis are less frequently detected species
(201, 202) and appear to play an important role as H,-consumers in the complex microbial
ecosystem of the gut (201, 205, 209). Fermentative microorganisms produce short-chain
fatty acids and H,, the former being consumed by the host and the latter being scavenged
and consumed by the archaea. This removal of H, from the system by methanogens makes
the fermentative processes kinetically more favorable and continuously drives this cyclical
syntrophy (201, 202, 205). Furthermore, there is evidence that methanogens may be involved in
inflammatory bowel disease, irritable bowel syndrome, colorectal cancer, diverticulosis, and
obesity (201, 205). However, it is unclear whether methanogens directly or indirectly contribute
to the development of gastrointestinal disorders and without doubt, more research is needed
to unravel the role of archaea in intestinal disorders (204, 212). For instance, it has also been
suggested that some human-associated archaea may be mutualistic, providing health benefits
and influencing host metabolism (202, 213).

Not all gut-associated archaea are methanogens however (202). For instance, a halophilic
archaeon belonging to the halobacteria, Haloferax massiliensis, was recently isolated from
a human stool sample, reigniting the debate over whether halophiles may colonize the gut
(214, 215). Other studies have revealed a diversity of halobacteria-related sequences in
fecal samples collected from healthy Korean people, with analyzed sequences representing
Halorubrum alimentarium and Halorubrum koreense. Interestingly, both H. alimentarium and
H. koreense had previously been isolated from salt-fermented sea foods suggesting native
cuisine and eating habits may contribute to the propensity of these organisms in the gut
environment (201, 216).

GLOBAL HUMAN ARCHAEOME

Technological advancements in high-throughput sequencing have further improved insights
into the human microbiome and revealed unexpected diversity of representatives from
archaeal phyla that had not previously been detected in human habitats, including members
of the DPANN archaea. In particular, members of the Woesearchaeota appear to be presentin
the human lung, and while it is speculated that they may exhibit parasitic/ symbiotic lifestyles,
their environmental role remains unclear (202). Analytical exploration into the distribution
of archaeal signatures in the human body has revealed site-specific patterns that shape a
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preliminary biogeographical view of the human archaeome: (1) Thaumarchaeota on the skin,
(2) methanogenic Euryarchaeota in the gut, (3) mixed skin-gut nasal archaeal communities,
and (4) Woesearchaeota inhabiting the lungs (202).

While M. smithii, M. oralis, M. stadtmanae, M. luminyensis, and H. massiliensis are the only
archaeal species that have been successfully isolated and cultivated from human habitats,
efforts are underway to culture more archaeal species associated with humans in order to
better understand their roles as potential pathogens or commensal members with potentially
positive physiological impacts. For instance, a major step toward a better understanding of
the function and dynamics of human-associated archaea may be gained through the Human
Microbiome Project (209, 217).

Concurrent with efforts to culture archaeal species infecting humans and elucidate their
potential roles in human pathogenesis, there are several initiatives aiming to identify
antimicrobial agents that are effective against Archaea. Research shows that archaea are
resistant to antibiotics used to treat bacterial infections, in part due to morphological and
physiological features that impede the action of many bacterial-targeting antimicrobial
agents. In vivo and in vitro experiments have indicated susceptibility of several archaeal groups
to certain protein synthesis inhibitors, including fusidic acid and imidazole derivatives (218).
Nonetheless, antibiotic-resistant archaea may become indirectly susceptible to antimicrobial
treatments when relying on chemically susceptible bacterial partners within their complex
communities. To date, there are a limited number of antimicrobials that target archaea directly.
Greater exploration into archaea as causative agents of human disease would also require
further investigation into antiarchaeal compounds and treatments (210, 218).

SUMMARY

Thought to be of limited ecological relevance originally, Archaea are now known to inhabit
a wide range of ecosystems and to play a key role in major biogeochemical cycles (8).
Furthermore, Archaea have proven to be of fundamental importance for our understanding
of the evolution of complex eukaryotic cells (10) and have emerged as important model
systems. Notably, representatives of the Archaea are now known to form a stable part of
the human microbiome and may even be involved in disease. Unique metabolic and cellular
features of Archaea are being utilized in a variety of biotechnological applications as well as
the development of novel adjuvants in the use of vaccines utilizing the unique membrane lipids
of archaeal membranes (219). Considering that a large fraction of Archaea of high-taxonomic
rank likely still awaits discovery (5), the coming years will certainly witness further insights
into the role of Archaea in ecological food webs, the evolution of life and human biology.
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SYNTHES

S

The tree of life (TOL) is a useful framework from which to understand shared commonalities
across the biosphere, the major transitions in cellular evolution, and the timing of key events
in life’s evolutionary history. Accurately resolving these periods in the planet’s distant past
are notoriously challenging, namely due to an incomplete fossil record with poor microbial
representation and limitations in phylogenetic methodologies to properly resolve the deepest
branches in the TOL. The research presented in this thesis has advanced our understanding
of the TOL, including the root position, its major architecture, and the timing of major events
in cellular evolution from the last universal common ancestor (LUCA) to extant organisms.
A properly resolved and dated TOL was foundational for a renewed assessment of the
evolutionary history of the ATP synthase. This work contributes novel phylogenetic dating
techniques and highlights the importance of using robust and sophisticated bioinformatics
methods which can be applied to larger, more diverse genomic datasets to properly resolve
the early course of evolution.

RESOLVING THE DEEPEST SPLIT IN THE TREE OF LIFE IS SENSITIVE TO
PHYLOGENETIC APPROACH

A resolved TOL underpins the debate over the root of the tree and the position of LUCA,
the diversity of the two primary domains, and the events in the early course of evolution.
Inferring such a tree has traditionally relied on a core set of universal marker genes, usually
informational-processing genes, that resolve a long interdomain branch between Archaea
and Bacteria (hereafter, AB branch). However, these universal marker genes represent a very
small fraction of an organism’s total genome, therefore raising speculation over whether this is
sufficient information to adequately model phylogenetic relationships in the TOL (1). Recently,
an expanded set of 381 marker genes was used to infer a phylogeny of over ten thousand
Archaea and Bacteria, and resolved a shorter AB branch indicating a shorter divergence
time between the two primary domains (2). The shape and branch lengths of the TOL inform
evolutionary relationships, therefore such discrepancies in the AB branch length can hinder
our understanding of the earliest periods of cellular evolution.

Our work reveals that the disparity in the AB branch length between this recently published
study and traditional analyses was due to the inclusion of marker genes with complicated
evolutionary histories that failed to recover the reciprocal monophyly of Archaea and Bacteria,
in addition to poor model fit for the dataset. A fundamental condition for marker genes used
in concatenated phylogenetic analysis is that their individual evolutionary histories must be
consistent and congruent with that of the overall TOL, more specifically that the underlying
single genes follow vertical patterns of evolution (3-5). Results presented here indicate that
substantial horizontal gene transfer (HGT) between domains and hidden paralogy were major
contributors to domain polyphyly and the artificial shortening of the AB branch. Recovery of
domain or group monophyly is a fundamental condition that reliable marker genes must meet
to be suitable for phylogenetic inference, because mixed phylogenetic signals can complicate
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the final inference. We found that metabolic genes, and other non-ribosomal genes, in the
expanded marker set (2) often failed to recover the reciprocal monophyly of Archaea and
Bacteria. In addition to HGT, problematic markers showed evidence of extensive mixing of
paralogous sequences with orthologous sequences. Importantly, we note that this was similarly
evidenced in a smaller non-ribosomal marker gene set, that also resolved a relatively shorter AB
branch length (6), highlighting the need to carefully select markers that reflect the evolutionary
processes in the TOL or remove sequences with non-vertical signals prior to concatenation.

Our combined manual inspection and statistical examination of previously used ribosomal and
non-ribosomal genes (6-8) indicated similar findings. Marker genes that failed to recover the
reciprocal monophyly of the Archaea and Bacteria contributed to shortening of the AB branch.
Taking it a step further, we applied a statistical ranking method, known as the split score (9),
to identify suitable marker genes based on their ability to recover established taxonomic
relationships. The inferred phylogeny from the 27 highest ranking marker genes identified the
root of the TOL between the Archaea and Bacteria, which are separated by a long interdomain
branch. Manualinspection stages in the phylogenetic workflow (see Chapter 2 Fig. 6) revealed
that occasional HGT and paralogous mixing impacted the interdomain branch and should be
removed for the confident inference of the TOL. Poor model fit was an added component of the
phylogenetic approach that impacted the estimation of the AB branch length. Accounting for
site-heterogeneity in the substitution model resulted in a longer inferred AB branch for both the
top 27 best performing markers from our dataset and the original expanded marker gene set (2).

This work advances our understanding of concatenated phylogenetic inference of the TOL,
demonstrating the need to carefully select marker genes, detect HGTs and paralogy, and
determine the appropriate model fit for the data in order to reliably resolve deep evolutionary
relationships. Results confirm that standard methods are reliable but require more advanced
technical and methodological approaches that are more suitable for the wealth of biological
information that is currently accessible and should be included in phylogenetic analyses.
Traditional phylogenetic inference methods depending on a small set of universal marker genes
are computationally tractable and a valuable window through which to explore evolutionary
history. However, the inclusion of more marker genes and genomes is a valuable frontier to
explore, and can enable a more comprehensive phylogenetic survey of evolutionary processes
affecting the total genome. Moving forward, methods that account for and properly model
both vertical and horizontal gene flow, such as the quantification of duplications, transfers,
and losses across a genome using amalgamated likelihood estimation (ALE) (10, 11), can serve
as the foundation for more robust inference of the TOL.

USING ENDOSYMBIOSES TO DATE THE TOL

Having established the root position and shape of the TOL, this work continued on to tackle a
more poorly modeled dimension of life’s evolutionary history - its timing. Dating deep evolution
in the prokaryotic lineages is extremely challenging due to an incomplete fossil record that
is non-representative of the two primary domains and standard molecular clock methods
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that struggle to effectively model variation in the rate of evolution along deep branches.
Bypassing such critical limitations requires additional information, which can be accessed
via the prokaryotic branches leading to eukaryotes in the TOL. The endosymbiosis events
underlying eukaryogenesis involved an ancestral archaeal host and one or more bacterial
partners. Therefore, eukaryotes can have between 2-3 distinct genetic sources of certain
proteins and machinery: a nuclear source from the archaeal host, a mitochondrial source, and
a plastid source. Integrating this eukaryotic information into phylogenetic analyses including
Archaea and Bacteria results in multiple nodes across the respective tree corresponding to
the same evolutionary event. Equivalent nodes can be cross-braced (12, 13) to the same fossil
age to apply an additional constraint on the relative rates of evolution along intervening
branches. This cross-bracing approach was combined with a relative time constraint (14)
that positions nodes by relative age or emergence in the tree, for example, the mitochondrial
endosymbiosis must be older than the plastid endosymbiosis. This approach enabled us to
propagate the eukaryotic fossil evidence into the deeper regions of both primary domains.

This newly devised dating technique was applied to a TOL including Archaea, Bacteria, and
three eukaryotic sources (nuclear, mitochondrial, and plastid) to time cellular evolution using
a series of known fossil calibrations (Chapter 3 Fig. 5A, C). Results showed that LUCA and LBCA
lived in overlapping time periods relatively proximal to the moon-formingimpact, from 4.52-4.32
Ga and 4.49-4.05 Ga, respectively. Both LUCA and LBCA appeared to predate the last archaeal
common ancestor (LACA, 3.95-3.37 Ga). This is particularly interesting because this suggests that
the ancestor of extant archaea radiated after the Bacteria, as it is comparable in age to some of
the deepest bacterial lineages. However, this could also be the result of a sampling bottleneck
along the archaeal stem. The endosymbiosis leading to mitochondria was estimated to have
occurred around 2.58-2.12 Ga, which overlaps with the timing of the last ancestor between
the nuclear eukaryotic lineage and its closest asgardarchaeal relative (2.67-2.19 Ga). While the
nuclear and mitochondrial LECA nodes can be cross-braced to the same age, the preceding
nuclear lineage stem was moderately longer than the mitochondrial lineage stem, suggesting
divergence from the most recent asgardarchaeal ancestor occurred before the divergence
of mitochondria from the alphaproteobacterial ancestor. This finding is compatible with an
intermediate or late acquisition of the mitochondria, consistent with recent work on the timing of
mitochondrial acquisition (15-17). However, it is difficult to determine whether other factors are
impacting the variation in stem length, such as differences in relative evolutionary rates in host
versus mitochondrial-derived genes. Furthermore, while these divergences outline important
questions surrounding the timing of mitochondrial acquisition relative to other eukaryotic
features, they do not allow us to directly test these hypotheses as discussed in our manuscript.

While the Cyanobacteria radiated around 2.74-2.03 Ga, the plastid origin was dated to between 2.14-1.73
Ga. The age of the last eukaryotic common ancestor (LECA, 1.93-1.84 Ga) is compatible with previously
proposed scenarios (18-22), falling into an interval spanning ~2.4-1.0 Ga. This dated TOL provides a
timeline of the evolution of other key taxonomic groups of interest and anchors enzyme evolution
through time. We extended this principle to provide an absolute timeline for ATP synthase evolution.
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A TIMELINE FOR ATP SYNTHASE ORIGINS AND A REVISED
EVOLUTIONARY SCENARIO

The ATP synthase is a central energy generating enzymatic complex found across all domains
of life. Functionally, the ATP synthase mediates the production of ATP, which is often regarded
as the energy currency of life. Due to its highly conserved nature across the biosphere, it has
long been speculated to have evolved very early in the timeline of cellular evolution, with some
proposingits origination during the pre-to proto-cell transition period (23-25). The ATP synthase
has been instrumentalin phylogenetic analyses due to the ancient gene duplication of the key
catalytic subunit in the rotary headpiece of the complex. This very ancient gene duplication
followed by a loss of function in one of the duplicated products resulted in the characteristic
heterohexameric headpiece of this enzyme that is composed of triplicates of a catalytic and
so-called non-catalytic subunit, which together form the site of ATP synthesis. These paralogs
can each serve as a distant outgroup for the other providing a means to root the TOL (26-28).

The diversification of the ATP synthase was presumed to align with the diversification
of the three domains of life, with the F-,; A-, and V-types being native to Bacteria, Archaea,
and eukaryotes, respectively. Early phylogenetic analyses into eukaryotic ATP synthases
demonstrated the horizontal inheritance pattern of this enzymatic complex, paralleling
the endosymbiosis events that gave rise to the protoeukaryote (mitochondrial inheritance)
and the photosynthetic eukaryotes (plastid inheritance) (29-31). Specifically, the so-called
V-type ATP synthase in eukaryotes appeared to be inherited from the ancestral archaeal host,
whereas the F-type ATP synthases in the mitochondria and plastids of eukaryotes descend
from their bacterial ancestors, the Alphaproteobacteria and Cyanobacteria, respectively. The
diversification of the F- and A/V-type (a larger family consisting of both the A- and V-type
complexes) ATP synthases have traditionally been consistent with a root of the TOL between
Archaea and Bacteria. A/V-type complexes initially seemed patchily distributed across the
Bacteria, which was proposed to be the result of horizontal transfer of genes from Archaea to
Bacteria inhabiting shared environments (25, 30, 32).

Similar to the ribosomal proteins, endosymbioses underlie the evolutionary processes in ATP
synthase gene trees of the catalytic and non-catalytic subunits, with eukaryotes containing
up to three different ATP synthases (27, 29-31). The ancient pre-LUCA gene duplication results
in speciation events appearing at least twice in the ATP synthase gene tree of the catalytic
and non-catalytic subunits. In turn, we could apply the same cross-bracing technique used
to time the TOL to date key events in ATP synthase evolution such as the ancient duplication
of the catalytic subunits (i.e., the split between the catalytic and non-catalytic subunits) and
diversification into the F- and A/V-type ATP synthases. Our results show that the split between
the catalytic and non-catalytic subunits occurred from 4.52-4.46 Ga, possibly predating or
overlapping with LUCA, and consistent with the possible primordial evolution of the complex.
In addition, our analyses revealed that the diversification of the catalytic and non-catalytic
subunits of the F- and A/V-type ATP synthases also occurred very early, dating to 4.52-4.38
Ga and 4.52-4.42 Ga, respectively.
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Timing the diversification of the F- and A/V-type ATP synthases to a period overlapping with
LUCA and LBCA but preceding LACA invites an updated scenario to explain ATP synthase
evolution. It is possible that diversification of the F- and A/V-type ATP synthases preceded
the diversification of the Archaea and Bacteria, with both types already present in LUCA.
In this scenario, the F-type ATP synthases are predicted to be lost along the stem to LACA,
while both complexes were inherited by LBCA (Chapter 3 Fig. 4C). This finding is consistent
with the inference of the F- and A/V-type ATP synthase to the proteome of LBCA (Chapter 4),
the prevalence of bacterial A/V-type complexes, and paucity of archaeal F-type complexes
(Chapter 3 Fig. 1). However, we cannot rule out an alternative scenario where a primitive F-type-
like ATP synthase diverged into the two major types along their respective stems to LACA and
LBCA, and an evolved A/V-type was transferred into the stem to LBCA (Chapter 3 Fig. 4B).

While this work provides immense insight into ATP synthase evolution, the timing of cellular
evolution, and the phylogenetic and molecular clock technologies to conduct such analyses,
it opened many unanswered questions. Deeper sampling of Archaea would provide better
insight into whether the younger age for LACA is a phylogenetic artifact from a sequencing
bottleneck along the archaeal stem. It would be particularly interesting to examine the ATP
synthases of newly defined lineages in the Asgardarchaeota and DPANN, considering the
important implications they have for understanding cellular evolution. Assessing the F- and
A/V-type ATP synthases in recently defined archaeal and bacterial lineages could provide
greater insight into the distribution of these complexes along the TOL and provide additional
information from which to address the mechanisms underlying the prevalence of bacterial
A/V-types compared to their archaeal F-type counterparts. This is especially intriguing when
considering that HGT from Bacteria to Archaea appears to be more common (33). While cross-
bracing with a relative constraint on trees with equivalent nodes was effective to time cellular
evolution, some of the oldest estimated ages in the TOL and ATP synthase evolution remain
to be validated. Specifically, many of the cross-braced age ranges approach the maximum
fossil age that we applied for the root node: 4.52 Ga, corresponding to the moon-forming
impact in the late Hadean period (18). Immense debate exists over the origins of life around
this time period, as environments on the early Earth are predicted to have experienced many
physical and chemical extremes, and have been proposed to be incompatible with life. A
shielded start to life at submarine hydrothermal vent systems may have been a solution to
the exposure to environmental extremes near the surface. Nonetheless, the earliest periods
of planetary evolution following the moon-forming impact could have been marked by rapid
and frequent evolutionary innovation (34), and therefore LUCA appearing during this period
would not be impossible. Additional prokaryotic and eukaryotic fossils could help address
this issue by providing more time calibrations to the molecular dating analysis. A major
issue with identifying fossils in the earliest periods of planetary and biological evolution is
that during the late Hadean, sedimentary rock did not deposit as frequently in the superhot
environment. Similarly, since prokaryotes are microscopic, it can be very difficult for them to
leave fossil deposits behind unless they are involved in a biogeochemistry that can be fossilized
in sediments without major disruption. A promising alternative to physical prokaryotic fossils
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could be the identification of additional indirect markers of metabolic activity of life. For
example, the major geologic changes that occurred during the Great Oxidation Event (GOE)
around 2.3 Ga, suggest that oxygenic photosynthesis, a metabolism specific to Cyanobacteria,
emerged prior to this event. Using such indirect markers, Davin and coworkers developed
a timescale for bacterial evolution using aerobic and anaerobic inventions linked to the
geochemical record, specifically calibrated to the GOE (35). Consistent with findings presented
here, they dated early bacterial radiation to the Archaean. Identification of other metabolic
signatures from prokaryotes could provide important calibrations to further improve
molecular dating in the future.

BACTERIAL EVOLUTION IS TREELIKE AND LBCA WAS AN ALREADY
COMPLEX FREE-LIVING CELL

Theinterplay between vertical and horizontal evolution is challenging to quantify and model
using standard phylogenetic methods. Results presented in Chapter 2 indicate that failure to
properly account for gene exchange, such as interdomain transfer, can impact the shape and
topology of the TOL. It was previously noted that using a small subset of marker genes does not
effectively capture all evolutionary processes at play in the total genome of an organism (I).
Another common limitation to phylogenetic inference is reliance on outgroup-rooting, which
utilizes a distantly related group to better resolve the within-group phylogenetic relationships.
In some cases, gene sequences with compositional biases, such as those from organisms with
reduced genomes or that undergo accelerated evolution, can erroneously be attracted to one
another and toward the distant outgroup, a phenomenon known as long branch attraction
(LBA) (36, 37). Accounting for such phylogenetic artifacts is crucial to properly place potentially
fast evolving or long-branching lineages in their respective phylogenies. An alternative solution
to root phylogenetic trees without a distant outgroup is to use phylogenetic tools that model
the evolution of all protein families across a taxon set and reconcile those with a species
tree. Specifically, gene-tree aware methods model the evolutionary history of all individual
gene trees along a rooted species tree of those taxa, quantifying gene duplications, loss,
originations and transfers (DTOL) between genomes. The application of gene tree-species
tree reconciliation methods (10, 38) extends beyond a means to statistically test root positions
and can also be applied to model gene flow. Specifically, since ALE is a probabilistic approach,
it estimates the probability of each gene experiencing DTOLs at each node position on the tree.
These probabilities can then be used to determine the enzymatic repertoire of key ancestors
in the tree.

Using this gene tree-species tree reconciliations approach, we resolved the root of the
bacterial phylogeny to be between two major clades, the Terrabacteria and Gracilicutes with
Fusobacteria supported on either side of the root (Chapter 4 Fig. 1A and 1B). Quantification
of the DTOLs revealed that bacterial genomes have a strong vertical component of evolution,
with the majority of genes descending vertically (66%) compared to horizontally (34%), making
a tree a reliable framework based on which to visualize bacterial evolution. We resolved the
placement of the candidate phyla radiation (CPR), a large early-branching bacterial radiation of
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putative symbionts with compositionally biased genomes (39, 40). Previous analyses positioned
the CPR at the base of the bacterial clade (2, 39-42), however our analysis places them sister
to the Chloroflexota as a derived lineage within the Terrabacteria, consistent with findings
from the phylogenetic inference in Chapter 2, and other more recent evidence (43, 44). CPR as
aderived lineage implies that they evolved by genome reduction from a free-living ancestor.

Reconstruction of LBCA’s proteome revealed a complex rod-shaped, free-living ancestor that
was likely motile with the ability to sense environmental stimuli. Results indicated high support
for didermy and the presence of genes that anchor flagella and pili in double membranes.
Didermy in the ancestor of bacteria implies monoderms evolved on several separate occasions
(45, 46). LBCA appears to have relied on glycolysis, the tricarboxylic acid cycle (TCA), and
the pentose-phosphate pathway (PPP) for carbohydrate metabolism. However, recovery of
genes associated with carbon-fixation was patchier; we detected support for some genes in
the TCA and reductive glycine pathways, but it was not possible to ascertain directionality of
the reactions. The Wood-Ljungdahl pathway (WLP) is believed to be one of the most ancient
microbial metabolisms, possibly emerging proximal to the origins of cellular life itself (23, 47).
We recovered high support for several enzymes belonging to the methyl branch (acetogenic
bacteria) of the WLP, but only moderate support for the central key enzyme of this pathway,
the carbon monoxide dehydrogenase acetyl coenzyme-A synthase (CODH-ACS). However,
when considered in conjunction with the presence of enzymes belonging to the Rhodobacter
nitrogen-fixation (RNF) complex, it is likely that LBCA was capable of acetogenic growth. We
detected a near-complete CRISPR-Cas system, suggesting the bacterial ancestor evolved in
an environment where it was exposed to viruses and other parasitic replicators. The presence
of both the F- and A/V-type ATP synthases in LBCA’s proteome is crucial to understanding
alternative scenarios of ATP synthase evolution and in line with our findings on ATP synthase
evolution (Chapter 3).

Advanced techniques such as those applied here can address some of the largest open
questions in deep evolution while overcoming the limitations of standard phylogenetic
methods. Outgroup-free rooting of the archaeal domain will be useful in examining the
position of the so-called DPANN, another early-branching and diverse lineage. The DPANN
are often resolved as an early diverging branch in the archaeal tree (9, 40, 48-51), which by
some, has been attributed to represent a potential phylogenetic artifact (52, 53). Analyzes with
a larger archaeal dataset in combination with more sophisticated phylogenetic approaches
can help confirm or refute these phylogenetic proposals. Inferring the proteome of the major
ancestors across the TOL, including LUCA, could shed light into metabolic evolution from life’s
earliest origins to the major domains.
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SYNOPSIS AND OUTLOOK

Overall, the results presented in this thesis demonstrate that advanced phylogenetic methods
are required to gain greater insight into deep evolutionary events. This work addressed key
questions regarding the shape of the TOL including its root position, the diversification of the
primary domains, the genetic contributions and timing of eukaryogenesis, the timing of cellular
evolution, and the evolution of key enzymes and metabolic processes. Specifically, my work has
provided following novel key insights into early cellular evolution and phylogenetic approaches:

1) Marker gene selection and model fit can greatly impact phylogenetic inference: Failure
to account for frequent HGT and paralogous families result in single gene phylogenies that
are incongruent with the overall TOL and can artificially draw the two major domains closer
together. Careful manual inspection is required to detect and filter out any major cases of
HGT and paralogous families.

2) The phylogenetic implications of endosymbioses and ancient gene duplications:
Certain enzymatic machinery was inherited into eukaryotes from their distinct prokaryotic
ancestors. Phylogenetically, this results in node equivalence across a species or gene tree,
which can be used to constrain fossil calibrations for molecular dating.

3) The early planetary timeline was a period of rapid innovation: LUCA and LBCA emerged
soon after the formation of the Earth, suggesting the earliest stages in the biological timeline
were periods of rapid evolutionary innovation.

4) ATP synthases occurred very early in the evolutionary timeline: The split between the
catalytic and non-catalytic subunit and the diversification of the F-and A/V-type ATP synthases
occurred in a period overlapping with LUCA and LBCA.

5) Bacterial evolution is treelike and is affected by both vertical and horizontal gene
flow: Sophisticated phylogenomic methods that model gene tree evolution against a species
tree resolved a bacterial tree split between the Terrabacteria and Gracilicutes. Additionally,
quantification of the duplications, transfers, originations, and losses revealed that most genes are
subjectto HGT at some pointin their history, but the majority of genes are transmitted vertically.

6) LBCA was a complex ancestor that interacted with its environment: The proteomic
reconstruction highlighted the complexity of LBCA’s metabolic repertoire, with evidence of a
complex diderm ancestor capable of sensing its environment.

7) Viruses are important to the earliest periods of cellular evolution: A CRISPR-Cas system
was resolved in the ancestral genome reconstructions of LBCA and LUCA (see Appendix A),
suggesting viruses and other parasitic replicators were coevolving alongside cellular life from
its earliest periods.

265



Chapter 7

Methods that were tested and developed in these projects hold promise in enhancing
phylogenetic approaches that can model deep evolutionary events. However, open questions
remain regarding the diversity of the archaeal domain and key metabolic inventions from the
earliest periods of cellular evolution.

Gene tree-species tree reconciliation techniques (Chapter 4) should be applied to an even
greater sampling of Archaea to properly address the root position of the domain, the placement
of the DPANN lineage, and the metabolic potential of LACA. In ongoing work, | have started to
explore the evolutionary history of the Wood-Ljungdahl pathway in Archaea to address key
questions about archaeal evolution and metabolic history. The WLP has been proposed to
be one of the earliest metabolisms in the evolution of cellular life (54). Of the known carbon-
fixation pathways, the WLP is the only one that produces ATP (55). This is achieved through
the redox reaction involving H, and CO, and mediated by iron-sulfur clusters, all of which are
abundant at alkaline hydrothermal vents. Previous analyses have inferred LUCA and LACA to
contain the WLP pathway for carbon-fixation (24, 51). Until recently, Altiarchaeota were the
only DPANN lineage containing the WLP (56, 57), but their placement is unstable and therefore
complicates tracing the trajectory of the WLP across the DPANN. Research has uncovered two
distinct taxa belonging to the undescribed SpSt_1190 lineage (58) in a marine oxygen deficient
zone. Our preliminary phylogenetic analyses found that the SpSt_1190 lineage branches within
the highly-reduced Cluster 2 DPANN (9). Interestingly, the SpSt_1190 lineage contains two
representatives, SpSt_1190_A and SpSt_1190_B (Fig. 1), which have a reduced genome of
approximately 1Mb and an average genome of 4Mb, respectively, the latter of which encodes
all the genes for the WLP and other auxiliary genes for acetogenic growth. Novel members of
the SpSt lineage have been identified in samples from Black Sea metagenomes, which has
allowed meto resolve a new tree of Archaea (Fig. 1), considering expanded archaeal diversity.
Inspection of the SpSt_1190 genomes indicated a presence of all WLP genesin SpSt_1190_B-
NIOZ117_mb_b257_2 and three subunitsin SpSt_1190_B-NI0Z118_bs_b358_2 (Fig. 1). Initial
findings demonstrate a marked difference in the distribution of WLP genes across the SpSt,
with SpSt_1190_B containing most genes associated with the key metabolic enzyme, the
CODH/ACS. In addition, both members of SpSt_1190_B contain a full Rhodobacter nitrogen
fixation (Rnf) complex (59) (not shown), which enables the formation of a transmembrane
ion gradient by coupling the oxidation of ferredoxin to the reduction of NAD+ (60). Redox
intermediates produced via the Rnf complex can be fed into the WLP. Together, these findings
suggest these organisms may be capable of acetogenic growth. This preliminary data indicates
that there are distinct metabolic differences between the two clans of the SpSt_1190 lineage.
To examine this further, | plan to develop a metabolic profile for each group (i.e., SpSt_1190_A
and SpSt_1190_B) and use gene tree-species tree reconciliations to infer the origination of
the WLP genes across the archaeal phylogeny. Furthermore, | will apply phylogenetic and
comparative genomic analyses to assess whether members of the SpSt_1190 are host-
dependent or free living.
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Fig. 1| Distribution of the key subunits of the carbon monoxide dehydrogenase acetyl CoA synthase
mapped to the SpSt_1190 lineage. COG families representing the key subunits of the CODH/ACS
(CdhABCDE) were identified on the genomes of the SpSt_1190_A and SpSt_1190_B clans of the SpSt_1190
lineage. Dark shaded circles indicate presence, unshaded circles indicate absence. The concatenated
alignment contains 497 taxa, was computed using MAFFT-LiNSi v7.453 (settings: --reorder) (61) and
trimmed with BMGE v1.12 (settings: BLOSUM30 -h 0.55) (62). The final concatenated alignment contained
11,288 sites. The maximume-likelihood tree was inferred using IQ-TREE2 v2.1.2 with the LG+C60+R+F model
(the best-fit model chosen by BIC) and SH-like approximate likelihood (see legend) and ultrafast bootstrap
approximation (not shown), each with 1000 replicates (63-65). Scale bar represents the expected number
of substitutions per site. Color code: ATACK (Asgard + TACK Archaea) = dark brown, Euryarchaeota = light
brown, Cluster 1 DPANN = light purple, Cluster 2 DPANN = dark purple.
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We also applied probabilistic reconciliations techniques to an evenly sampled set of archaeal
and bacterial genomes to reconstruct the proteome of LUCA and time its evolution (Appendix
A). Results indicate that LUCA was likely an anaerobe with genes for both the archaeal and
bacterial branches of the WLP, suggesting potential for acetogenic growth. It is inconclusive
whether LUCA was a heterotroph or autotroph, with results indicating either lifestyle is
possible based on the presence of genes belonging to glycolysis, gluconeogenesis, the WLP,
and the pentose-phosphate-pathway. Findings suggest that LUCA was already a complex
cell, resembling extant Archaea and Bacteria, but details of its membrane composition is still
debated. Dating analyses infer LUCA to have lived approximately 4.2 Ga, which is consistent
with our inference of LUCA’s age using our cross-bracing approach (Chapter 3).

Studies detailed here underscore the significance of investigating the evolutionary history of
viruses (Chapter 5). Both LBCA (Chapter 4) and LUCA (Appendix A) were inferred to contain
CRISPR-Cas systems, indicating that early cellular life was co-evolving with viruses or other
parasitic replicators. Viruses are known to be integral to horizontal transfer of genetic material
between organisms across the TOL. Additionally, recent phylogenetic analyses have revealed
that LUCA had a diverse and complex virome (66), and that the genetic module may have
originated in the primordial replicon pool, whereas the capsid components may have been
acquired on different occasions from different cellular hosts (67). Nevertheless, viral evolution
and indicators that cellular ancestors were equipped with viral defense mechanisms would
suggest they were prevalent in the early Earth environment. The frontier of this work would be
to increase sampling of viral genomes and conduct more detailed phylogenetic assessments
of viruses in the context of the TOL.

CONCLUDING REMARKS

In this thesis, | applied sophisticated phylogenetic approaches to disentangle the most
enigmatic and poorly understood aspects of early cellular evolution and diversification across
the TOL. Cumulatively, this work has advanced our knowledge of the shape and structure of the
TOL from the deepest split at the root to the prokaryotic branches involved in eukaryogenesis.
This thesis highlights the importance of using robust and diverse phylogenetic approaches to
address open questions regarding cellular and enzymatic evolution. A central theme of this
thesis highlights how crucial and necessary advances in technology and technical approaches
arein probing complex evolutionary relationships, especially when considering large expanses
of biodiversity that have been discovered in recent years. Research reported in this thesis
puts emphasis on how modeling enzyme evolution at different levels, from single enzymatic
complexes to modeling all of the protein families in a dataset, can provide valuable insight
into key evolutionary questions. Analysis of various marker gene approaches uncovered
the need to carefully inspect and ensure the necessary criteria are met for markers used to
infer concatenated phylogenies (Chapter 2). Beyond that, we observed that enzymes that
are transmitted from prokaryotes to eukaryotes by endosymbiosis, are a useful window into
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deep evolutionary events in prokaryotes (Chapter 3). Modeling the evolutionary histories of all
proteinsin a dataset is computationally demanding but provides a foundation for addressing
a multitude of questions, including the treelike nature of evolution when considering the
proportion of vertical and horizontal gene flow acting on a dataset. Furthermore, through
modeling all protein families, one can address otherwise difficult questions regarding the
origination/presence of genes across a phylogeny (Chapter 4).

While work reported here has contributed substantially to the field of phylogenetics and
evolutionary biology, more questions have emerged over what additional techniques can be
developed or applied to such analyses to refine our interpretation of deep evolution in the
future. In general, the granularity of phylogenetic relationships is enhanced with the inclusion
of more genomic information, however the tradeoff is the increased computational burden
for such analyses. Exploring methods that can strike a balance between these two principles
could greatly benefit such studies (Chapter 5).
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Appendix A

ABSTRACT

The nature of the last universal common ancestor (LUCA), its age and its impact on the Earth
system have been the subject of vigorous debate across diverse disciplines, often based on
disparate data and methods. Age estimates for LUCA are usually based on the fossil record,
varying with every reinterpretation. The nature of LUCA’s metabolism has proven equally
contentious, with some attributing all core metabolisms to LUCA, whereas others reconstruct
a simpler life form dependent on geochemistry. Here we infer that LUCA lived ~4.2 Ga (4.09-
4.33Ga) through divergence time analysis of pre-LUCA gene duplicates, calibrated using
microbial fossils and isotope records under a new cross-bracing implementation. Phylogenetic
reconciliation suggests that LUCA had a genome of at least 2.5Mb (2.49-2.99Mb), encoding
around 2,600 proteins, comparable to modern prokaryotes. Our results suggest LUCAwas a
prokaryote-grade anaerobic acetogen that possessed an early immune system. Although LUCA
is sometimes perceived as living in isolation, we infer LUCA to have been part of an established
ecological system. The metabolism of LUCA would have provided a niche for other microbial
community members and hydrogen recycling by atmospheric photochemistry could have
supported a modestly productive early ecosystem.

276



The nature of the last universal common ancestor and its impact on the early Earth system

MAIN

The common ancestry of all extant cellular life is evidenced by the universal genetic code,
machinery for protein synthesis, shared chirality of the almost-universal set of 20 amino acids
and use of ATP as a common energy currency (1). The last universal common ancestor (LUCA)
is the node on the tree of life from which the fundamental prokaryotic domains (Archaea
and Bacteria) diverge. As such, our understanding of LUCA impacts our understanding of
the early evolution of life on Earth. Was LUCA a simple or complex organism? What kind of
environment did it inhabit and when? Previous estimates of LUCA are in conflict either due
to conceptual disagreement about what LUCA is (2) or as a result of different methodological
approaches and data (3-9). Published analyses differ in their inferences of LUCA’s genome,
from conservative estimates of 80 orthologous proteins (10) up to 1,529 different potential
gene families (4). Interpretations range from little beyond an information-processing and
metabolic core (6) through to a prokaryote-grade organism with much of the gene repertoire
of modern Archaea and Bacteria (8), recently reviewed in ref. (7). Here we use molecular
clock methodology, horizontal gene-transfer-aware phylogenetic reconciliation and existing
biogeochemical models to address questions about LUCA’s age, gene content, metabolism
and impact on the early Earth system.
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ESTIMATING THE AGE OF LUCA

Life’s evolutionary timescale is typically calibrated to the oldest fossil occurrences. However,
the veracity of fossil discoveries from the early Archaean period has been contested (11, 12).
Relaxed Bayesian node-calibrated molecular clock approaches provide a means of integrating
the sparse fossil and geochemical record of early life with the information provided by
molecular data; however, constraining LUCA’s age is challenging due to limited prokaryote
fossil calibrations and the uncertainty in their placement on the phylogeny. Molecular clock
estimates of LUCA (13-15) have relied on conserved universal single-copy marker genes
within phylogenies for which LUCA represented the root. Dating the root of a tree is difficult
because errors propagate from the tips to the root of the dated phylogeny and information
is not available to estimate the rate of evolution for the branch incident on the root node.
Therefore, we analysed genes that duplicated before LUCA with two (or more) copies in LUCA’s
genome (16). The root in these gene trees represents this duplication preceding LUCA, whereas
LUCA is represented by two descendant nodes. Use of these universal paralogues also has
the advantage that the same calibrations can be applied at least twice. After duplication,
the same species divergences are represented on both sides of the gene tree (17, 18) and
thus can be assumed to have the same age. This considerably reduces the uncertainty when
genetic distance (branch length) is resolved into absolute time and rate. When a shared
node is assigned a fossil calibration, such cross-bracing also serves to double the number
of calibrations on the phylogeny, improving divergence time estimates. We calibrated our
molecular clock analyses using 13 calibrations (see ‘Fossil calibrations’ in Supplementary
Information). The calibration on the root of the tree of life is of particular importance. Some
previous studies have placed a younger maximum constraint on the age of LUCA based on
the assumption that life could not have survived Late Heavy Bombardment (LHB) (~3.7-
3.9billion years ago (Ga)) (19). However, the LHB hypothesis is extrapolated and scaled from
the Moon’s impact record, the interpretation of which has been questioned in terms of the
intensity, duration and even the veracity of an LHB episode (20-23). Thus, the LHB hypothesis
should not be considered a credible maximum constraint on the age of LUCA. We used soft-
uniform bounds, with the maximum-age bound based on the time of the Moon-forming
impact (4,510million years ago (Ma)+10Myr), which would have effectively sterilized Earth’s
precursors, Tellus and Theia (13). Our minimum bound on the age of LUCA is based on low
6%Mo isotope values indicative of Mn oxidation compatible with oxygenic photosynthesis and,
therefore, total-group Oxyphotobacteria in the Mozaan Group, Pongola Supergroup, South
Africa (24, 25), dated minimally to 2,954 Ma+9 Myr (ref. (26)).

Our estimates for the age of LUCA are inferred with a concatenated and a partitioned dataset,
both consisting of five pre-LUCA paralogues: catalytic and non-catalytic subunits from ATP
synthases, elongation factor Tu and G, signal recognition protein and signal recognition
particle receptor, tyrosyl-tRNA and tryptophanyl-tRNA synthetases, and leucyl- and valyl-
tRNA synthetases (27). Marginal densities (commonly referred to as effective priors) fall
within calibration densities (that is, user-specified priors) when topologically adjacent
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calibrations do not overlap temporally, but may differ when they overlap, to ensure the
relative age relationships between ancestor-descendant nodes. We consider the marginal
densities a reasonable interpretation of the calibration evidence given the phylogeny; we are
not attempting to test the hypothesis that the fossil record is an accurate temporal archive
of evolutionary history because it is not (28). The duplicated LUCA node age estimates we
obtained under the autocorrelated rates (geometric Brownian motion (GBM)) (29, 30) and
independent-rates log-normal (ILN) (31, 32) relaxed-clock models with our partitioned dataset
(GBM, 4.18-4.33Ga; ILN, 4.09-4.32 Ga; Fig. 1) fall within our composite age estimate for LUCA
ranging from 3.94Ga to 4.52Ga, comparable to previous studies (13, 18, 33). Dating analyses
based on single genes, or concatenations that excluded each genein turn, returned compatible
timescales (Extended Data Figs. 1 and 2 and ‘Additional methods’ in Methods).
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Fig. 1 | Timetree inferred under a Bayesian node-dating approach with cross-bracing using a
partitioned dataset of five pre-LUCA paralogues. Our results suggest that LUCA lived around 4.2Ga,
with a 95% confidence interval spanning 4.09-4.33Ga under the ILN relaxed-clock model (orange)
and 4.18-4.33Ga under the GBM relaxed-clock model (teal). Under a cross-bracing approach, nodes
corresponding to the same species divergences (that is, mirrored nodes) have the same posterior time
densities. This figure shows the corresponding posterior time densities of the mirrored nodes for the
last universal, archaeal, bacterial and eukaryotic common ancestors (LUCA, LACA, LBCA and LECA,
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respectively); the last common ancestor of the mitochondrial lineage (Mito-LECA); and the last plastid-
bearing common ancestor (LPCA). Purple stars indicate nodes calibrated with fossils. Arc, Archaea; Bac,
Bacteria; Euk, Eukarya.

LUCA'S PHYSIOLOGY

To estimate the physiology of LUCA, we first inferred an updated microbial phylogeny from
57 phylogenetic marker genes (see ‘Universal marker genes’ in Methods) on 700 genomes,
comprising 350 Archaea and 350 Bacteria (15). This tree was in good agreement with recent
phylogenies of the archaeal and bacterial domains of life (34, 35). For example, the TACK
(36) and Asgard clades of Archaea (37-39) and Gracilicutes within Bacteria (40, 41) were
recovered as monophyletic. However, the analysis was equivocal as to the phylogenetic
placement of the Patescibacteria (CPR) (42) and DPANN (43), which are two small-genome
lineages that have been difficult to place in trees. Approximately unbiased (44) tests could
not distinguish the placement of these clades, neither at the root of their respective domains
nor in derived positions, with CPR sister to Chloroflexota (as reported recently in refs. (35, 41,
45)) and DPANN sister to Euryarchaeota. To account for this phylogenetic uncertainty, we
performed LUCA reconstructions on two trees: our maximum likelihood (ML) tree (topology
1; Extended Data Fig. 3) and a tree in which CPR were placed as the sister of Chloroflexota,
with DPANN sister to all other Archaea (topology 2; Extended Data Fig. 4). In both cases, the
gene families mapped to LUCA were very similar (correlation of LUCA presence probabilities
(PP),r=0.6720275, P<2.2x107%). We discuss the results on the tree with topology 2 and discuss
theresidual differences in Supplementary Information, ‘Topology 1’ (Supplementary Data 1).

We used the probabilistic gene- and species-tree reconciliation algorithm ALE (46) to infer the
evolution of gene family trees for each sampled entry in the KEGG Orthology (KO) database
(47) on our species tree. ALE infers the history of gene duplications, transfers and losses based
on a comparison between a distribution of bootstrapped gene trees and the reference species
tree, allowing us to estimate the probability that the gene family was present at a node in the
tree (35, 48, 49). This reconciliation approach has several advantages for drawing inferences
about LUCA. Most gene families have experienced gene transfer since the time of LUCA (50,
51) and so explicitly modelling transfers enables us to include many more gene families in the
analysis than has been possible using previous approaches. As the analysis is probabilistic, we
can also account for uncertainty in gene family origins and evolutionary history by averaging
over different scenarios using the reconciliation model. Using this approach, we estimated the
probability that each KEGG gene family (KO) was presentin LUCA and then used the resulting
probabilities to construct a hypothetical model of LUCA’s gene content, metabolic potential
(Fig. 2) and environmental context (Fig. 3). Using the KEGG annotation is beneficial because
it allows us to connect our inferences to curated functional annotations; however, it has the
drawback that some widespread gene families that were likely present in LUCA are divided
into multiple KO families that individually appear to be restricted to particular taxonomic
groups and inferred to have arisen later. To account for this limitation, we also performed an
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analysis of COG (Clusters of Orthologous Genes) (52) gene families, which correspond to more
coarse-grained functional annotations (Supplementary Data 2).
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Fig. 2| Probabilistic estimates of metabolic networks from modern life that were presentin LUCA.
In black: enzymes and metabolic pathways inferred to be present in LUCA with at least PP = 0.75, with
samplingin both prokaryotic domains. In grey: those inferred in our least-stringent threshold of PP = 0.50.
The analysis supports the presence of a complete WLP and an almost complete TCA cycle across multiple
confidence thresholds. Metabolic maps derived from KEGG (47) database through iPath (109). GPI,
glycosylphosphatidylinositol; DDT, 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane.
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to be present in LUCA under the most-stringent threshold (PP =0.75, sampled in both domains); those in
grey are present at the least-stringent threshold (PP =0.50, without a requirement for presence in both
domains). b, LUCA in the context of the tree of life. Branches on the tree of life that have left sampled
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the common ancestor of extant cellular life, LUCA is the oldest node that can be reconstructed using
phylogenetic methods. It would have shared the early Earth with other lineages (highlighted in teal) that
have left no descendants among sampled cellular life today. However, these lineages may have left a trace
in modern organisms by transferring genes into the sampled tree of life (red lines) before their extinction. c,
LUCA’s chemoautotrophic metabolism probably relied on gas exchange with the immediate environment
to achieve organic carbon (Cmg) fixation via acetogenesis and it may also have run the metabolism in
reverse. d, LUCA within the context of an early ecosystem. The CO, and H, that fuelled LUCA’s plausibly
acetogenic metabolism could have come from both geochemical and biotic inputs. The organic matter and
acetate that LUCA produced could have created a niche for other metabolisms, including ones that recycled
CO, and H, (asin modern sediments). e, LUCAin an Earth system context. Acetogenic LUCA could have been
akey part of both surface and deep (chemo)autotrophic ecosystems, powered by H.. If methanogens were
also present, hydrogen would be released as CH, to the atmosphere, converted to H, by photochemistry
and thus recycled back to the surface ecosystem, boosting its productivity. Ferm., fermentation.
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GENOME SIZE AND CELLULAR FEATURES

By using modern prokaryotic genomes as training data, we used a predictive model to estimate
the genome size and the number of protein families encoded by LUCA based on the relationship
between the number of KEGG gene families and the total number of proteins encoded by
modern prokaryote genomes (Extended Data Figs. 5 and 6). On the basis of the PPs for KEGG
KO gene families, we identified a conservative subset of 399 KOs that were likely to be present
in LUCA, with PPs=0.75, and found in both Archaea and Bacteria (Supplementary Data 1); these
families form the basis of our metabolic reconstruction. However, by integrating over the
inferred PPs of all KO gene families, including those with low probabilities, we also estimate
LUCA’s genome size. Our predictive model estimates a genome size of 2.75Mb (2.49-2.99 Mb)
encoding 2,657 (2,451-2,855) proteins (Methods). Although we can estimate the number of
genes in LUCA’s genome, it is more difficult to identify the specific gene families that might
have already been present in LUCA based on the genomes of modern Archaea and Bacteria.
Itis likely that the modern version of the pathways would be considered incomplete based on
LUCA’s gene content through subsequent evolutionary changes. We should therefore expect
reconstructions of metabolic pathways to be incomplete due to this phylogenetic noise and
other limitations of the analysis pipeline. For example, when looking at genes and pathways
that can uncontroversially be mapped to LUCA, such as the ribosome and aminoacyl-tRNA
synthetases forimplementing the genetic code, we find that we map many (but not all) of the
key components to LUCA (see ‘Notes’ in Supplementary Information). We interpret this to mean
that our reconstruction is probably incomplete but our interpretation of LUCA’s metabolism
relies on our inference of pathways, not individual genes.

The inferred gene content of LUCA suggests it was an anaerobe as we do not find support for
the presence of terminal oxidases (Supplementary Data 1). Instead we identified almost all
genes encoding proteins of the archaeal (and most of the bacterial) versions of the Wood-
Ljungdahl pathway (WLP) (PP>0.7), indicating that LUCA had the potential for acetogenic
growth and/or carbon fixation (53-55) (Supplementary Data 3). LUCA encoded some NiFe
hydrogenase subunits (K06281, PP =0.90; K14126, PP =0.92), which may have enabled
growth on hydrogen (see ‘Notes’ in Supplementary Information). Complexes involved in
methanogenesis such as methyl-coenzyme M reductase and tetrahydromethanopterin
S-methyltransferase were inferred to be absent, suggesting that LUCA was unlikely to function
as a modern methanogen. We found strong support for some components of the TCA cycle
(including subunits of oxoglutarate/2-oxoacid ferredoxin oxidoreductase (K00175 and K00176),
succinate dehydrogenase (K00239) and homocitrate synthase (K02594)), although some steps
are missing. LUCA was probably capable of gluconeogenesis/glycolysis in that we find support
for most subunits of enzymes involved in these pathways (Supplementary Data 1 and 3).
Considering the presence of the WLP, this may indicate that LUCA had the ability to grow
organoheterotrophically and potentially also autotrophically. Gluconeogenesis would have
beenimportantin linking carbon fixation to nucleotide biosynthesis via the pentose phosphate
pathway, most enzymes of which seem to be present in LUCA (see ‘Notes’ in Supplementary
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Information). We found no evidence that LUCA was photosynthetic, with low PPs for almost
all components of oxygenic and anoxygenic photosystems (Supplementary Data 3).

We find strong support for the presence of ATP synthase, specifically, the A (K02117,
PP =0.98) and B (K02118, PP =0.94) subunit components of the hydrophilic V/A1 subunit,
and the | (subunit a, K02123, PP =0.99) and K (subunit ¢, K02124, PP = 0.82) subunits of the
transmembrane V/AO0 subunit. In addition, if we relax the sampling threshold, we also infer the
presence of the F1-type B-subunit (K02112, PP = 0.94). This is consistent with many previous
studies that have mapped ATP synthase subunits to LUCA (6, 17, 18, 56, 57).

We obtain moderate support for the presence of pathways for assimilatory nitrate (ferredoxin-
nitrate reductase, K00367, PP =0.69; ferredoxin-nitrite reductase, K00367, PP =0.53) and
sulfate reduction (sulfate adenylyltransferase, K00957, PP =0.80, and K00958, PP =0.73;
sulfite reductase, K00392, PP = 0.82; phosphoadenosine phosphosulfate reductase, K00390,
PP =0.56), probably to fuel amino acid biosynthesis, for which we inferred the presence of 37
partially complete pathways.

We found support for the presence of 19 class 1 CRISPR-Cas effector protein families in the
genome of LUCA, including types | and Il (cas3, K0O7012, PP =0.80, and K07475, PP = 0.74;
casl0, K07016, PP =0.96, and K19076, PP =0.67; and cas7, K07061, PP =0.90, K09002,
PP =0.84,K19075, PP =0.97, K19115, PP =0.98, and K19140, PP = 0.80). The absence of Casl
and Cas2 may suggest LUCA encoded an early Cas system with the means to deliver an RNA-
based immune response by cutting (Cas6/Cas3) and binding (CSM/Cas10) RNA, but lacking the
fullimmune-system-site CRISPR. This supports the idea that the effector stage of CRISPR-Cas
immunity evolved from RNA sensing for signal transduction, based on the similarities in RNA
binding modules of the proteins (58). This is consistent with the idea that cellular life was
already involved in an arms race with viruses at the time of LUCA (59, 60). Our results indicate
that an early Cas system was an ancestral immune system of extant cellular life.

Altogether, our metabolic reconstructions suggest that LUCA was a relatively complex
organism, similar to extant Archaea and Bacteria (6, 7). On the basis of ancient duplications
of the Sec and ATP synthase genes before LUCA, along with high PPs for key components of
those systems, membrane-bound ATP synthase subunits, genes involved in peptidoglycan
synthesis (mraY, K01000; murC, K01924) and the cytoskeletal actin-like protein, MreB (K03569)
(Supplementary Data 3), it is highly likely that LUCA possessed the core cellular apparatus
of modern prokaryotic life. This might include the basic constituents of a phospholipid
membrane, although our analysis did not conclusively establish its composition. In particular,
we recovered the following enzymes involved in the synthesis of ether and ester lipids,
(alkyldihydroxyacetonephosphate synthase, glycerol 3-phosphate and glycerol 1-phosphate)
and components of the mevalonate pathway (mevalonate 5-phosphate dehydratase
(PP =0.84), hydroxymethylglutaryl-CoA reductase (PP = 0.52), mevalonate kinase (PP =0.51)
and hydroxymethylglutaryl-CoA synthase (PP = 0.51)).
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Compared with previous estimates of LUCA’s gene content, we find 81 overlapping COG gene
families with the consensus dataset of ref. (7) and 69 overlapping KOs with the dataset of
ref. (6). Key points of agreement between previous studies include the presence of signal
recognition particle protein, ffh (COG0541, K03106) (7) used in the targeting and delivery of
proteins for the plasma membrane, a high number of aminoacyl-tRNA synthetases for amino
acid synthesis and glycolysis/gluconeogenesis enzymes.

Ref. (6) inferred LUCA to be a thermophilic anaerobic autotroph using the WLP for carbon
fixation based on the presence of a single enzyme (CODH), and similarly suggested that
LUCA was capable of nitrogen fixation using a nitrogenase. Our reconstruction agrees with
ref. (6) that LUCA was an anaerobic autotroph using the WLP for carbon fixation, but we infer
the presence of a much more complete WLP than that previously obtained. We did not find
strong evidence for nitrogenase or nitrogen fixation, and the reconstruction was not definitive
with respect to the optimal growth environment of LUCA.

We used a probabilistic approach to reconstruct LUCA—that is, we estimated the probability
with which each gene family was present in LUCA based on a model of how gene families
evolve along an overarching species tree. This approach differs from analyses of phylogenetic
presence-absence profiles (3, 4, 9) or those that used filtering criteria (such as broadly
distributed or highly vertically evolving families) to define a high-confidence subset of modern
genes that might have been present in LUCA. Our reconstruction maps many more genes to
LUCA—albeit each with lower probability—than previous analyses (8) and yields an estimate of
LUCA’s genome size that is within the range of modern prokaryotes. The result is an incomplete
picture of a cellular organism that was prokaryote grade rather than progenotic (2) and that,
similarly to prokaryotes today, probably existed as part of an ecosystem. As the common
ancestor of sampled, extant prokaryotic life, LUCA is the oldest node on the species tree that
we can reconstruct via phylogenomics but, as Fig. 3 illustrates, it was already the product of
a highly innovative period in evolutionary history during which most of the core components
of cells were established. By definition, we cannot reconstruct LUCA’s contemporaries using
phylogenomics but we can propose hypotheses about their physiologies based on the
reconstructed LUCA whose features immediately suggest the potential for interactions with
other prokaryotic metabolisms.

LUCA'S ENVIRONMENT, ECOSYSTEM AND EARTH SYSTEM CONTEXT

The inference that LUCA used the WLP helps constrain the environment and ecology in
which it could have lived. Modern acetogens can grow autotrophically on H, (and CO,) or
heterotrophically on a wide range of alternative electron donors including alcohols, sugars
and carboxylic acids (55). This metabolic flexibility is key to their modern ecological success.
Acetogenesis, whether autotrophic or heterotrophic, has a low energy yield and growth
efficiency (although use of the reductive acetyl-CoA pathway for both energy production
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and biosynthesis reduces the energy cost of biosynthesis). This would be consistent with an
energy-limited early biosphere (61).

If LUCA functioned as an organoheterotrophic acetogen, it was necessarily part of an
ecosystem containing autotrophs providing a source of organic compounds (because the
abiotic source flux of organic molecules was minimal on the early Earth). Alternatively, if LUCA
functioned as a chemoautotrophic acetogen it could (in principle) have lived independently
off an abiotic source of H, (and CO,). However, it is implausible that LUCA would have existed
in isolation as the by-products of its chemoautotrophic metabolism would have created a
niche for a consortium of other metabolisms (as in modern sediments) (Fig. 3d). This would
include the potential for LUCA itself to grow as an organoheterotroph.

A chemoautotrophic acetogenic LUCA could have occupied two major potential habitats
(Fig. 3e): the first is the deep ocean where hydrothermal vents and serpentinization of sea-
floor provided a source of H, (ref. (62)). Consistent with this, we find support for the presence
of reverse gyrase (PP =0.97), a hallmark enzyme of hyperthermophilic prokaryotes (6, 63-65),
which would not be expected if early life existed at the ocean surface (although the evolution
of reverse gyrase is complex (63); see ‘Reverse gyrase’ in Supplementary Information). The
second habitat is the ocean surface where the atmosphere would have provided a source
of H, derived from volcanoes and metamorphism. Indeed, we detected the presence of
spore photoproduct lyase (COG1533, K03716, PP =0.88) that in extant organisms repairs
methylene-bridged thymine dimers occurring in spore DNA as a result of damage induced
through ultraviolet (UV) radiation (66, 67). However, this gene family also occurs in modern
taxa that neither form endospores nor dwell in environments where they are likely to accrue
UV damage to their DNA and so is not an exclusive hallmark of environments exposed to UV.
Previous studies often favoured a deep-ocean environment for LUCA as early life would have
been better protected there from an episode of LHB. However, if the LHB was less intense than
initially proposed (20, 22), or just a sampling artefact (21), these arguments weaken. Another
possibility may be that LUCA inhabited a shallow hydrothermal vent or a hot spring.

Hydrogen fluxes in these ecosystems could have been several times higher on the early
Earth (with its greater internal heat source) than today. Volcanism today produces
~1x10"”molH,yr* and serpentinization produces ~0.4x10*’molH,yr™. With the present H, flux
and the known scaling of the H, escape rate to space, an abiotic atmospheric concentration of
H, of ~150ppmv is predicted (68). Chemoautotrophic acetogens would have locally drawn down
the concentration of H, (in either surface or deep niche) but their low growth efficiency would
ensure H, (and CO,) remained available. This and the organic matter and acetate produced
would have created niches for other metabolisms, including methanogenesis (Fig. 3d).

On the basis of thermodynamic considerations, CH, and CO, are expected to be the eventual

metabolic end products of the resulting ecosystem, with a small fraction of the initial hydrogen
consumption buried as organic matter. The resulting flux of CH, to the atmosphere would fuel
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photochemical H, regeneration and associated productivity in the surface ocean (Fig. 3e).
Existing models suggest the resulting global H, recycling system is highly effective, such
that the supply flux of H, to the surface could have exceeded the volcanic input of H, to the
atmosphere by at least an order of magnitude, in turn implying that the productivity of such
a biosphere was boosted by a comparable factor (69). Photochemical recycling to CO would
also have supported a surface niche for organisms consuming CO (ref. (69)).

In deep-ocean habitats, there could be some localized recycling of electrons (Fig. 3d) but
a quantitative loss of highly insoluble H, and CH, to the atmosphere and minimal return
after photochemical conversion of CH, to H, means global recycling to depth would be
minimal (Fig. 3e). Hence the surface environment for LUCA could have become dominant
(albeit recycling of the resulting organic matter could be spread through ocean depth;
‘Deep heterotrophic ecosystem’ in Fig. 3e). The global net primary productivity of an early
chemoautotrophic biosphere including acetogenic LUCA and methanogens could have been
of order ~1x10*to 7x10*2mol Cyr™ (~3 orders of magnitude less than today) (69).

The nutrient supply (for example, N) required to support such a biosphere would need to
balance that lost in the burial flux of organic matter. Earth surface redox balance dictates
that hydrogen loss to space and burial of electrons/hydrogen must together balance input
of electrons/hydrogen. Considering contemporary H, inputs, and the above estimate of net
primary productivity, this suggests a maximum burial flux in the order of ~10*?molCyr?,
which, with contemporary stoichiometry (C:N ratio of ~7) could demand >10**molNyr™.
Lightning would have provided a source of nitrite and nitrate (70), consistent with LUCA’s
inferred pathways of nitrite and (possibly) nitrate reduction. However, it would only have
been of the order 3x10°molNyr? (ref. (71)). Instead, in a global hydrogen-recycling system,
HCN from photochemistry higher in the atmosphere, deposited and hydrolysed to ammonia
in water, would have increased available nitrogen supply by orders of magnitude toward
~3x102molNyr? (refs. (71, 72)). This HCN pathway is consistent with the anomalously light
nitrogen isotopic composition of the earliest plausible biogenic matter of 3.8-3.7Ga (ref. (73)),
although that considerably postdates our inferred age of LUCA. These considerations suggest
that the proposed LUCA biosphere (Fig. 3e) would have been energy or hydrogen limited not
nitrogen limited.

CONCLUSIONS

By treating gene presence probabilistically, our reconstruction maps many more genes (2,657)
to LUCA than previous analyses and results in an estimate of LUCA’s genome size (2.75Mb) that
is within the range of modern prokaryotes. The result is a picture of a cellular organism that
was prokaryote grade rather than progenotic (2) and that probably existed as a component
of an ecosystem, using the WLP for acetogenic growth and carbon fixation. We cannot use
phylogenetics to reconstruct other members of this early ecosystem but we can infer their
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physiologies based on the metabolic inputs and outputs of LUCA. How evolution proceeded
from the origin of life to early communities at the time of LUCA remains an open question, but
the inferred age of LUCA (~4.2Ga) compared with the origin of the Earth and Moon suggests
that the process required a surprisingly short interval of geologic time.

METHODS

UNIVERSAL MARKER GENES

A list of 298 markers were identified by creating a non-redundant list of markers used in
previous studies on archaeal and bacterial phylogenies (10, 35, 38, 74-79). These markers
were mapped to the corresponding COG, arCOG and TIGRFAM profile to identify which profile
is best suited to extract proteins from taxa of interest. To evaluate whether the markers cover
all archaeal and bacterial diversity, proteins from a set of 574 archaeal and 3,020 bacterial
genomes were searched against the COG, arCOG and TIGRFAM databases using hmmsearch
(v.3.1b2; settings, hmmsearch-tblout output-domtblout-notextw) (52, 80-82). Only hits with
an e-value less than or equal to 1x107° were investigated further and for each protein the
best hit was determined based on the e-value (expect value) and bit-score. Results from all
database searches were merged based on the protein identifiers and the table was subsetted
to only include hits against the 298 markers of interest. On the basis of this table we calculated
whether the markers occurred in Archaea, Bacteria or both Archaea and Bacteria. Markers
were only included if they were present in at least 50% of taxa and contained less than 10%
of duplications, leaving a set of 265 markers. Sequences for each marker were aligned using
MAFFT L-INS-i v.7.407 (ref. (83)) for markers with less than 1,000 sequences or MAFFT (84) for
those with more than 1,000 sequences (setting, -reorder) (84) and sequences were trimmed
using BMGE (85) set for amino acids, a BLOcks SUbstitution Matrix 30 similarity matrix,
with a entropy score of 0.5 (v.1.12; settings, -t AA -m BLOSUM30 -h 0.5). Single gene trees
were generated with IQ-TREE 2 (ref. (86)), using the LG substitution matrix, with ten-profile
mixture models, four CPUs, with 1,000 ultrafast bootstraps optimized by nearest neighbour
interchange written to a file retaining branch lengths (v.2.1.2; settings, -m LG+C10+F+R -nt
4 -wbtl-bb 1,000 -bnni). These single gene trees were investigated for archaeal and bacterial
monophyly and the presence of paralogues. Markers that failed these tests were notincluded
in further analyses, leaving a set of 59 markers (3 arCOGs, 46 COGs and 10 TIGRFAMs) suited
for phylogenies containing both Archaea and Bacteria (Supplementary Data 4).

MARKER GENE SEQUENCE SELECTION

To limit selecting distant paralogues and false positives, we used a bidirectional or reciprocal
approach to identify the sequences corresponding to the 59 single-copy markers. In the first
inspection (query 1), the 350 archaeal and 350 bacterial reference genomes were queried
against allarCOG HMM (hidden Markov model) profiles (All_Arcogs_2018.hmm), all COG HMM
profiles (NCBI_COGs_Oct2020.hmm) and all TIGRFAM HMM profiles (TIGRFAMs_15.0_HMM.
LIB) using a custom script built on hmmsearch: hmmsearchTable <genomes.faa><database.
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hmm=>-E 1x107°>HMMscan_Output_e5 (HMMER v.3.3.2) (87). HMM profiles corresponding
to the 59 single-copy marker genes (Supplementary Data 4) were extracted from each query
and the best-hit sequences were identified based on the e-value and bit-score. We used the
same custom hmmsearchTable script and conditions (see above) in the second inspection
(query 2) to query the best-hit sequences identified above against the full COG HMM database
(NCBI_COGs_0ct2020.hmm). Results were parsed and the COG family assigned in query 2
was compared with the COG family assigned to sequences based on the marker gene identity
(Supplementary Data 4). Sequence hits were validated using the matching COG identifier,
resulting in 353 mismatches (that is, COG family in query 1 does not match COG family in
query 2) that were removed from the working set of marker gene sequences. These sequences
were aligned using MAFFT L-INS-i (83) and then trimmed using BMGE (85) with a BLOSUM30
matrix. Individual gene trees were inferred under ML using IQ-TREE 2 (ref. (86)) with model
fitting, including both the default homologous substitution models and the following complex
heterogeneous substitution models (LG substitution matrices with 10-60-profile mixture
models, with empirical base frequencies and a discrete gamma model with four categories
accounting for rate heterogeneity across sites): LG+C60+F+G, LG+C50+F+G, LG+C40+F+G,
LG+C30+F+G, LG+C20+F+G and LG+C10+F+G, with 10,000 ultrafast bootstraps and 10
independent runs to avoid local optima. These 59 gene trees were manually inspected and
curated over multiple rounds. Any horizontal gene transfer events, paralogous genes or
sequences that violated domain monophyly were removed and two genes (arCOG01561, tuf;
COG0442, ProS) were dropped at this stage due to the high number of transfer events, resulting
in 57 single-copy orthologues for further tree inference.

SPECIES-TREE INFERENCE

These 57 orthologous sequences were concatenated and ML trees were inferred after three
independent runs with IQ-TREE 2 (ref. (86)) using the same modelfitting and bootstrap settings
as described above. The tree with the highest log-likelihood of the three runs was chosen as
the ML species tree (topology 1). To test the effect of removing the CPR bacteria, we removed
all CPR bacteria from the alignment before inferring a species tree (same parameters as above).
We also performed approximately unbiased (44) tree topology tests (with IQ-TREE 2 (ref. (86)),
using LG+C20+F+G) when testing the significance of constraining the species-tree topology
(ML tree; Supplementary Fig. 1) to have a DPANN clade as sister to all other Archaea (same
parameters as above but with a minimally constrained topology with monophyletic Archaea
and DPANN sister to other Archaea presentin a polytomy (Supplementary Fig. 2)) and testing
a constraint of CPR to be sister to Chloroflexi (Supplementary Fig. 3), and a combination of
both the DPANN and CPR constraints (topology 2); these were tested against the ML topology,
both using the normal 20 amino acid alignments and also with Susko-Roger recoding (88).

GENE FAMILIES

For the 700 representative species (15), gene family clustering was performed using
EGGNOGMAPPER v.2 (ref. (89)), with the following parameters: using the DIAMOND (90) search,
aquery cover of 50% and an e-value threshold of 0.0000001. Gene families were collated using
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their KEGG (47) identifier, resultingin 9,365 gene families. These gene families were then aligned
using MAFFT (84) v.7.5 with default settings and trimmed using BMGE (85) (with the same settings
as above). Five independent sets of ML trees were then inferred using IQ-TREE 2 (ref. (86)), using
LG+F+G, with 1,000 ultrafast bootstrap replicates. We also performed a COG-based clustering
analysis in which COGs were assigned based on the modal COG identifier annotated for each
KEGG gene family based on the results from EGGNOGMAPPER v.2 (ref. (89)). These gene families
were aligned, trimmed and one set of gene trees (with 1,000 ultrafast bootstrap replicates)
was inferred using the same parameters as described above for the KEGG gene families.

RECONCILIATIONS

The five sets of bootstrap distributions were converted into ALE files, using ALEobserve, and
reconciled against topology 1 and topology 2 using ALEml_undated (91) with the fraction
missing for each genome included (where available). Gene family root origination rates were
optimized for each COG functional category as previously described (35) and families were
categorized into four different groups based on the probability of being present in the LUCA
node in the tree. The most-stringent category was that with sampling above 1% in both
domains and a PP=0.75, another category was with PP=0.75 with no sampling requirement,
another with PP=0.5 with the sampling requirement; the least stringent was PP=0.5 with no
sampling requirement. We used the median probability at the root from across the five runs
to avoid potential biases from failed runs in the mean and to account for variation across
bootstrap distributions (see Supplementary Fig. 4 for distributions of the inferred ratio of
duplications, transfers and losses for all gene families across all tips in the species tree; see
Supplementary Data 5 for the inferred duplications, transfers and losses ratios for LUCA, the
last bacterial common ancestor and the last archaeal common ancestor).

METABOLIC PATHWAY ANALYSIS

Metabolic pathways for gene families mapped to the LUCA node were inferred using the KEGG
(47) website GUI and metabolic completeness for individual modules was estimated with
Anvi’o (92) (anvi-estimate-metabolism), with pathwise completeness.

ADDITIONAL TESTING

We tested for the effects of model complexity on reconciliation by using posterior mean
site frequency LG+C20+F+G across three independent runs in comparison with 3 LG+F+G
independent runs. We also performed a 10% subsampling of the species trees and gene family
alignments across two independent runs for two different subsamples, one with and one
without the presence of Asgard archaea. We also tested the likelihood of the gene families
under a bacterial root (between Terrabacteria and Gracilicutes) using reconciliations of the
gene families under a species-tree topology rooted as such.

FOSSIL CALIBRATIONS
On the basis of well-established geological events and the fossil record, we modelled 13
uniform densities to constrain the maximum and minimum ages of various nodes in our
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phylogeny. We constrained the bounds of the uniform densities to be either hard (no tail
probability is allowed after the age constraint) or soft (a 2.5% tail probability is allowed after
the age constraint) depending on the interpretation of the fossil record (Supplementary
Information). Nodes that refer to the same duplication event are identified by MCMCtree as
cross-braced (thatis, oneis chosen as the ‘driver’ node, the rest are ‘mirrored’ nodes). In other
words, the sampling during the Markov chain Monte Carlo (MCMC) for cross-braced nodes is
notindependent: the same posterior time density is inferred for matching mirror-driver nodes
(see ‘Additional methods’ for details on our cross-bracing approach).

TIMETREE INFERENCE ANALYSES

Timetree inference with the program MCMCtree (PAML v.4.10.7 (ref. (93))) proceeded under
both the GBM and ILN relaxed-clock models. We specified a vague rate prior with the shape
parameter equal to 2 and the scale parameter equal to 2.5: (2, 2.5). This gamma distribution
is meant to account for the uncertainty on our estimate for the mean evolutionary rate, ~0.81
substitutions per site per time unit, which we calculated by dividing the tree height of our
best-scoring ML tree (Supplementary Information) into the estimated mean root age of our
phylogeny (that is, 4.520Ga, time unit = 10° years; see ‘Fossil calibrations’ in Supplementary
Information for justifications on used calibrations). Given that we are estimating very deep
divergences, the molecular clock may be seriously violated. Therefore, we applied a very diffuse
gamma prior on the rate variation parameter (¢%), (1, 10), so that it is centred around ¢2=0.1.
To incorporate our uncertainty regarding the tree shape, we specified a uniform kernel density
for the birth-death sampling process by setting the birth and death processes to 1,A(per-
lineage birth rate) = u(per-lineage death rate) = 1, and the sampling frequency to p (sampling
fraction) =0.1. Our main analysis consisted of inferring the timetree for the partitioned dataset
under both the GBM and the ILN relaxed-clock models in which nodes that correspond to
the same divergences are cross-braced (that is, hereby referred to as cross-bracing A). In
addition, we ran 10 additional inference analyses to benchmark the effect that partitioning,
cross-bracing and relaxed-clock models can have on species divergence time estimation: (1)
GBM+concatenated alignment+cross-bracing A, (2) GBM+concatenated alignment+cross-
bracing B (only nodes that correspond to the same divergences for which there are fossil
constraints are cross-braced), (3) GBM+concatenated alignment+without cross-bracing,
(4) GBM+partitioned alignment+cross-bracing B, (5) GBM+partitioned alignment+without
cross-bracing, (6) ILN+concatenated alignment+cross-bracing A, (7) ILN+concatenated
alignment+cross-bracing B, (8) ILN+concatenated alignment+without cross-bracing, (9)
ILN+partitioned alignment+cross-bracing B, and (10) ILN +partitioned alignment+without
cross-bracing. Lastly, we used (1) individual gene alignments, (2) a leave-one-out strategy (rate
prior changed for alignments without ATP and Leu, I'(2, 2.2), and without Tyr, (2, 2.3), but was
(2, 2.5) for the rest; see ‘Additional methods’), and (3) a more complex substitution model
(94) to assess their impact on timetree inference. Refer to ‘Additional methods’ for details
on how we parsed the dataset we used for timetree inference analyses, ran PAML programs
CODEML and MCMCtree to approximate the likelihood calculation (95), and carried out the
MCMC diagnostics for the results obtained under each of the previously mentioned scenarios.
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GENOME SIZE AND CELLULAR FEATURES

We simulated 100 samples of ‘KEGG genomes’ based on the probabilities of each of the (7,467)
gene families being present in LUCA using the random.rand function in numpy (96). The mean
number of KEGG gene families was 1,298.25, the 95% HPD (highest posterior density) minimum
was 1,255 and the maximum was 1,340. To infer the relationship between the number of KEGG
KO gene families encoded by a genome, the number of proteins and the genome size, we
used LOESS (locally estimated scatter-plot smoothing) regression to estimate the relationship
between the number of KOs and (1) the number of protein-coding genes and (2) the genome
size for the 700 prokaryotic genomes used in the LUCA reconstruction. To ensure that our
inference of genome size is robust to uncertainty in the number of paralogues that can be
expected to have been presentin LUCA, we used the presence of probability for each of these
KEGG KO gene families rather than the estimated copy number. We used the predict function
to estimate the protein-coding genes and genome size of LUCA using these models and the
simulated gene contents encoded with 95% confidence intervals.

ADDITIONAL METHODS

Cross-bracing approach implemented in MCMCtree

The PAML program MCMCtree was implemented to allow for the analysis of duplicated genes
or proteins so that some nodes in the tree corresponding to the same speciation events in
different paralogues share the same age. We used the tree topology depicted in Supplementary
Fig. 5 to explain how users can label driver or mirror nodes (more on these terms below) so
that the program identifies them as sharing the same speciation events. The tree topology
shown in Supplementary Fig. 5 can be written in Newick format as:

(((Al,A2),A3),((B1,B2),B3));

In this example, A and B are paralogues and the corresponding tips labelled as A1-A3 and
B1-B3 represent different species. Node r represents a duplication event, whereas other
nodes are speciation events. If we want to constrain the same speciation events to have the
same age (that s, Supplementary Fig. 5, see labels a and b (that is, A1-A2 ancestor and B1-B2
ancestor, respectively) and labels vand b (that is, A1-A2-A3 ancestor and B1-B2-B3 ancestor,
respectively), we use node labels in the format #1, #2, and so on to identify such nodes:

(((Al, A2) #1, A3) #2, ((BL, B2) [#1 B{0.2, 0.4}], B3) #2) ‘B(0.9,1.1)’;

Node a and node b are assigned the same label (#1) and so they share the same age (t): t =t,.
Similarly, node v and node v have the same age: t =t . The formernodes are further constrained
by a soft-bound calibration based on the fossil record or geological evidence: 0.2<t_=t <0.4.
The latter, however, does not have fossil constraints and thus the only restriction imposed is
that botht and t are equal. Finally, there is another soft-bound calibration on the root age:
0.9<t <1.1.
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Among the nodes on the tree with the same label (for example, those nodes labelled with #1
and those with #2 in our example), one is chosen as the driver node, whereas the others are
mirror nodes. If calibration information is provided on one of the shared nodes (for example,
nodes a and b in Supplementary Fig. 5), the same information therefore applies to all shared
nodes. If calibration information is provided on multiple shared nodes, that information has
to be the same (for example, you could not constrain node a with a different calibration used
to constrain node b in Supplementary Fig. 5). The time prior (or the prior on all node ages on
the tree) is constructed by using a density at the root of the tree, which is specified by the
user (for example, ‘B(0.9,1.1)’ in our example, which has a minimum of 0.9 and a maximum of
1.1). The ages of all non-calibrated nodes are given by the uniform density. This time prior is
similar to that used by ref. (29). The parameters in the birth-death sampling process (A, u, p;
specified using the option BDparas in the control file that executes MCMCtree) are ignored. It
is noteworthy that more than two nodes can have the same label but one node cannot have
two or more labels. In addition, the prior on rates does not distinguish between speciation
and duplication events. The implemented cross-bracing approach can only be enabled if
option duplication = 1 isincluded in the control file. By default, this option is set to 0 and users
are not required to include it in the control file (that is, the default option is duplication = 0).

TIMETREE INFERENCE

Data parsing

Eight paralogues were initially selected based on previous work showing a likely duplication
event before LUCA: the amino- and carboxy-terminal regions from carbamoyl phosphate
synthetase, aspartate and ornithine transcarbamoylases, histidine biosynthesis genes Aand F,
catalytic and non-catalytic subunits from ATP synthase (ATP), elongation factor Tu and G (EF),
signal recognition protein and signal recognition particle receptor (SRP), tyrosyl-tRNA and
tryptophanyl-tRNA synthetases (Tyr), and leucyl- and valyl-tRNA synthetases (Leu) (26). Gene
families were identified using BLASTp (97). Sequences were downloaded from NCBI (98),
aligned with MUSCLE (99) and trimmed with TrimAl (100) (-strict). Individual gene trees were
inferred under the LG+C20+F+G substitution modelimplemented in IQ-TREE 2 (ref. (86)). These
trees were manually inspected and curated to remove non-homologous sequences, horizontal
gene transfers, exceptionally short or long sequences and extremely long branches. Recent
paralogues or taxa of inconsistent and/or uncertain placement inferred with RogueNaRok
(101) were also removed. Independent verification of an archaeal or bacterial deep split was
achieved using minimal ancestor deviation (102). This filtering process resulted in the five
pairs of paralogous gene families (27) (ATP, EF, SRP, Tyr and Leu) that we used to estimate
the origination time of LUCA. The alignment used for timetree inference consisted of 246
species, with the majority of taxa having at least two copies (for some eukaryotes, they may
be represented by plastid, mitochondrial and nuclear sequences).

To assess the impact that partitioning can have on divergence time estimates, we ran our
inference analyses with both a concatenated and a partitioned alignment (that is, gene
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partitioning scheme). We used PAML v.4.10.7 (programs CODEML and MCMCtree) for all
divergence time estimation analyses. Given that a fixed tree topology is required for timetree
inference with MCMCtree, we inferred the best-scoring ML tree with IQ-TREE 2 under the
LG+C20+F+G4 (ref. (103)) model following our previous phylogenetic analyses. We then
modified the resulting inferred tree topology following consensus views of species-level
relationships (34, 35, 104), which we calibrated with the available fossil calibrations (see below).
In addition, we ran three sensitivity tests: timetree inference (1) with each gene alignment
separately, (2) under a leave-one-out strategy in which each gene alignment was iteratively
removed from the concatenated dataset (for example, remove gene ATP but keep genes EF, Leu,
SRP and Tyr concatenated in a unique alignment block; apply the same procedure for each gene
family), and (3) using the vector of branch lengths, the gradient vector and the Hessian matrix
estimated under a complex substitution model (bsinBV method described in ref. (94)) with the
concatenated dataset used for our core analyses. Four of the gene alignments generated for
the leave-one-out strategy had gap-only sequences, these were removed when re-inferring the
branch lengths under the LG+C20+F+G4 model (that is, without ATP, 241 species; without EF,
236 species; without Leu, 243 species; without Tyr, 244 species). We used these trees to set the
rate prior used for timetree inference for those alignments not including ATP, EF, Leu or Tyr,
respectively. The 8 value (scale parameter) for the rate prior used when analysing alignments
without ATP, Leu and Tyr changed minimally but we updated the corresponding rate priors
accordingly (see above). When not including SRP, the alignment did not have any sequences
removed (that is, 246 species). All alignments were analysed with the same rate prior, I'(2, 2.5),
except for the three previously mentioned alignments.

Approximating the likelihood calculation during timetree inference using
PAML programs

Before timetree inference, we ran the CODEML program to infer the branch lengths of the
fixed tree topology, the gradient (first derivative of the likelihood function) and the Hessian
matrix (second derivative of the likelihood function); the vectors and matrix are required to
approximate the likelihood function in the dating program MCMCtree (95), an approach that
substantially reduces computational time (105). Given that CODEML does not implement
the CAT (Bayesian mixture model for across-site heterogeneity) model, we ran our analyses
under the closest available substitution model: LG+F+G4 (model =3). We calculated the
aforementioned vectors and matrix for each of the five gene alignments (that is, required
for the partitioned alignment), for the concatenated alignment and for the concatenated
alignments used for the leave-one-out strategy; the resulting values are written out in an
output file called rst2. We appended the rst2 files generated for each of the five individual
alignments in the same order the alignment blocks appear in the partitioned alignment file (for
example, the first alignment block corresponds to the ATP gene alignment, and thus the first
rst2 block will be the one generated when analysing the ATP gene alignment with CODEML). We
named thisfilein_5parts.BV. There is only one rst2 output file for the concatenated alignments,
which we renamed in.BV (main concatenated alignment and concatenated alignments under
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leave-one-out strategy). When analysing each gene alignment separately, we renamed the
rst2 files generated for each gene alignment as in.BV.

MCMC diagnostics

All the chains that we ran with MCMCtree for each type of analysis underwent a protocol of
MCMC diagnostics consisting of the following steps: (1) flagging and removal of problematic
chains; (2) generating convergence plots before and after chain filtering; (3) using the samples
collected by those chains that passed the filters (that is, assumed to have converged to
the same target distribution) to summarize the results; (4) assessing chain efficiency and
convergence by calculating statistics such as R-hat, tail-ESS and bulk-ESS (in-house wrapper
function calling Rstan functions, Rstan v.2.21.7; https://mc-stan.org/rstan/); and (5) generating
the timetrees for each type of analysis with confidence intervals and high-posterior densities
to show the uncertainty surrounding the estimated divergence times. Tail-ESS is a diagnostic
tool that we used to assess the sampling efficiency in the tails of the posterior distributions
of all estimated divergence times, which corresponds to the minimum of the effective
sample sizes for quantiles 2.5% and 97.5%. To assess the sampling efficiency in the bulk of
the posterior distributions of all estimated divergence, we used bulk-ESS, which uses rank-
normalized draws. Note that if tail-ESS and bulk-ESS values are larger than 100, the chains are
assumed to have been efficient and reliable parameter estimates (that is, divergence times
in our case). R-hat is a convergence diagnostic measure that we used to compare between-
and within-chain divergence time estimates to assess chain mixing. If R-hat values are larger
than 1.05, between- and within-chain estimates do not agree and thus mixing has been poor.
Lastly, we assessed the impact that truncation may have on the estimated divergence times
by running MCMCtree when sampling from the prior (that is, the same settings specified above
but without using sequence data, which set the prior distribution to be the target distribution
during the MCMC). To summarize the samples collected during this analysis, we carried out
the same MCMC diagnostics procedure previously mentioned. Supplementary Fig. 6 shows
our calibration densities (commonly referred to as user-specified priors, see justifications for
used calibrations above) versus the marginal densities (also known as effective priors) that
MCMCtree infers when building the joint prior (that is, a prior built without sequence data that
considers age constraints specified by the user, the birth-death with sampling process to infer
the time densities for the uncalibrated nodes, the rate priors, and so on). We provide all our
results for these quality-control checks in our GitHub repository (https://github.com/sabifo4/
LUCA-divtimes) and in Extended Data Fig. 1, Supplementary Figs. 7-10 and Supplementary
Data 6. Data, figures and tables used and/or generated following a step-by-step tutorial are
detailed in the GitHub repository for each inference analysis.

Additional sensitivity analyses

We compared the divergence times we estimated with the concatenated dataset under
the calibration strategy cross-bracing A with those inferred (1) for each gene, (2) for gene
alignments analysed under a leave-one-out strategy, and (3) for the main concatenated
dataset but when using the vector of branch lengths, the gradient vector and the Hessian
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matrix estimated under a more complex substitution model (94). The results are summarized
in Extended Data Fig. 2 and Supplementary Data 7 and 8. The same pattern regarding the
calibration densities and marginal densities when the tree topology was pruned (that is, see
above for details on the leave-one-out strategy) was observed, and thus no additional figures
have been generated. As for our main analyses, the results for these additional sensitivity
analyses can be found on our GitHub repository (https://github.com/sabifo4/LUCA-divtimes).

Reporting summary
Further information on research design is available in the Nature Portfolio Reporting
Summary linked to this article.

DATA AVAILABILITY

Alldata required tointerpret, verify and extend the researchin this article can be found at our figshare
repository at https://doi.org/10.6084/m9.figshare.24428659 (ref. (106)) for the reconciliation and
phylogenomic analyses and GitHub at https://github.com/sabifo4/LUCA-divtimes (ref. (107))
for the molecular clock analyses. Additional data are available at the University of Bristol data
repository, data.bris, at https://doi.org/10.5523/bris.405xnm7ei36d2cj65nrirg3ip (ref. (108)).

CODE AVAILABILITY

All code relating to the dating analysis can be found on GitHub at https://github.com/sabifo4/
LUCA-divtimes (ref. (107)), and other custom scripts can be found in our figshare repository
at https://doi.org/10.6084/m9.figshare.24428659 (ref. (106)).
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