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Supplementary information

S1. Calibration information

Node: Last universal common ancestor (LUCA)

Locality and Stratigraphy level: Strelley Pool Formation, Western Australia

Minimum age: 3347 Ma (3350 Ma + 3 Myr')

Maximum age: 4520 Ma (4510 Ma + 10 Myr>?)

Phylogenetic justification:

There are numerous reports of fossils from early Archaean sediments, however, determining a
biotic origin for these records is difficult. Generally, there is a dearth of strata representative of
early Earth history; those strata that are representative and are available for sampling have often
been heavily altered by metamorphic processes. The oldest rocks available include, the Itsaq
Gneiss, Isua, Greenland; the Barberton Greenstone Belt, South Africa; and the Pilbara Craton,
Australia. These contain the oldest possible remains of life. At >3.7 Ga the Itsaq Gneiss
contains putative fossils*>, stromatolites®, carbon isotopes’ and graphite inclusions®®.
However, each of these records has been disputed, either considered unlikely to be fossils, or
that the record could be produced by geological rather than biological means'®!? i.e. isotope
ratios and graphite inclusions, synthesized by Fisher-Tropsch type (FTT) reactions!'3:!4,

At Pilbara, there are claims of isotopic evidence for sulphur bacteria'®, putative stromatolites
and the infamous microfossils from the Apex Chert'®, as well as other microfossil reports'”-3.
None of these records is conclusive, when re-examined the Apex Chert microfossils'® proved
more likely to be an artefact of the reorganization of carbonaceous matter!>-?°. Likewise, the

other microfossils have not been rigorously examined and so do not provide conclusive

evidence of life. The sulphur isotope data' is also uncertain as it is possible to produce the
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same signals by non-biological means?!. Microfossils have also been reported from
Barberton??2° but their biogenesis has been disputed.

Putative stromatolites are widespread in ancient sediments in both Barberton and Pilbara?6-!
but their formation is not exclusively tied to the presence of biological processes and the oldest
stromatolites are most often found without any accompanying microbial fossils. Their
abiogenic synthesis has been replicated laboratory conditions®® and so they provide an
uncertain record. Therefore, we must look for more conclusive evidence of life, that which has
been examined from several angles. More rigorous analysis has been undertaken of fossils from
slightly younger sites. For example, a sample of fossils from the ~3.2 Ga Moodies Group,
Barberton, were described using criteria which looked at a rigorous range of criteria: fossil
placement within the rock; their ultrastructure; their composition; and their size**. Some of
these small organic walled fossils are actually very large (up to 300 microns diameter)3*; sizes
which are unknown amongst archaea®>. Older remains from the Strelley Pool Formation,
Pilbara, Western Australia’®3” have also been examined based on a set of criteria similar to
those used by Javaux and colleagues. These fossils have a complex ultrastructure and acid
resistant walls that survive being digested out of the rock. Additionally, it should be noted that
the organic carbon signature shows that the fossils were not emplaced into the rock at a later
stage, a problem with many early records. Some of these fossils are also present in multi-cell
chains. These are not known to form in abiotic ways and, hence, it can be concluded that these
structures are biological in origin. The Strelley Pool Formation also contains a host of other
evidence for life. These include other microfossils both alone*® and in association with pyrite
crystals’®, possibly indicating some kind of sulphur metabolism backed up a previous study
showing sulphur metabolism*’, as well as microbial mats*', and stromatolites, which have been
more intensely studied to give credence to their biological affinity*?. What is more the

microfossils have been shown to possess specific 8'*Cory signatures that are correlated
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specifically to the microfossils*. Overall these show a diverse community**. Although alone
these would not provide a suitable record, in accordance with the well-studied fossils*® they
provide a robust calibration with which to constrain LUCA.

Age justification:

Hard minimum: The Strelley Pool Formation is located in North Eastern Australia and is part
of the larger Pilbara Craton. The stratigraphic position of this formation (also known as the
Strelley Pool Chert) has been contentious but it is now argued to form a layer between the
Warawoona and Kelly groups*®. The formation is dated to 3.426-3.350 Ga*, with the minimum
age (3.350 Ga £ 0.003 Gyr) based on a volcaniclastic tuff, at the base of the overlying Euro
Basalt! in the Kelly Group. Hence our minimum age constraint is 3.347 Ga.

Soft maximum: We can use the Moon-forming impact as a maximum constraint; there is no
other event or date of significance which can be used in its place. This devastating event would
have sterilised the Earth, hence any life now present on the planet must have evolved post-
impact. It has been proposed that life would not have been able to survive the late heavy
bombardment, which post-dated the Moon-forming impact, but this view has been contested
as ideas of a cool early earth and an early ocean have been proposed*®*’, as well as models
which show that life would have been able to survive during this intense bombardment®®. It is
also possible that there was no late heavy bombardment because evidence of its occurrence has
been found on the Moon but not on Earth*’. There is some debate over the exact timing of the
impact with proposed dates ranging from 4.54 Ga +0.01 Myr>° to ~4.44Ga>!. Some of the most
recent simulations and models place the Moon-forming impact at ~4.47 Ga based on asteroidal
meteorites and siderophile elements®>33. This concurs with estimates based on U-Pb isotopes®*,
Hf/W isotopes’® and Rb/Sr isotopes®®. We use the oldest credible date to encompass reasonable
uncertainty. The oldest date of 5.4 Ga is based on the Hf-W system’>*7, around which there is

some debate as to the amount of signal caused by cosmogenic production of =W from wTa3.
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Hence, the most credible date comes from the U-Pb system. We follow other critical
reviewers>’ in accepting Pb-Pb dating carried out on Moon rocks, yielding a date of 4.51 Ga +
10 Myr 2: a date which has also recently been confirmed by reanalysis of the Apollo zircons?’.

Thus, our maximum constraint is 4.52 Ga.

Node: Total group Cyanobacteria

Locality and Stratigraphy level: Manzimnyama Banded Ironstone Formation, Fig Tree
Group, Barberton, South Africa

Minimum age: 3225 Ma (3226 Ma = 1 Myr®)

Maximum age: 4520 Ma (4510 Ma + 10 Myr?)

Phylogenetic justification: Cyanobacteria are the only living group of organisms that have
evolved oxygenic photosynthesis. Proposed records of cyanobacteria from ancient rocks
include Banded Ironstone Formations (BIFs), stromatolites, biomarkers, and a number of
isotope systems. BIFs, which are found among the oldest sedimentary rocks, including
protoliths of the 3.8 Ga Itsaq Gneiss, show a reduction of ferrous iron which has been claimed
to occur due to cyanobacterial effects. However, arguments have been presented for the
production of BIFs via abiogenic ultra-violet induced photolysis®' and anoxygenic bacterial
photosynthesis®>3. Early stromatolites are not sufficient evidence as they are not all biogenic
and they don’t necessarily require cyanobacteria for formation®>%*, The best indicator of free
oxygen at levels incompatible with photolysis, is from isotopes. These are a good proxy for
oxygen because many elements are very sensitive to oxidative weathering. Prior to the Great
Oxygenation Event, oxygen records in the form of isotopes extend back to 3.25 Gyr®. The
authors report stable Fe and U-Th-Pb isotopes from the Manzimnyama BIF in the Fig Tree
Group, Barberton, South Africa, which indicate a level of free oxygen indicative of

cyanobacterial activity. They also find that there is a stratification in oxygen levels at the site,
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showing an oxygenated shallow water layer and an anoxic deeper water. They argue that this
is what we would expect to see in areas where there is some cyanobacterial activity. It is
possible that oxygen was being produced in smaller quantities prior to the GOE and that these
pockets of oxygen could be concentrated in an otherwise anoxic water column®. Other
evidence for oxygenation from within this sequence comes from the Moodies group which lies
immediately above the Fig Tree Group at Barberton. This has macroscopic tufted microbial
mats®’, that are thought to grow upwards towards a source of light, and in modern examples
are made mostly of cyanobacteria. Additionally, this evidence for oxygenation is not isolated
as numerous other lines of evidence, based mainly upon redox sensitive elements and other
isotopes, now support the appearance of pre-GOE oxygen being produced by cyanobacteria®®-
73

Age justification:

Hard minimum: The isotopic evidence from the Manzimnyama BIF in the Fig Tree Group,
Barberton, South Africa®. The age of the Fig Tree Group is well constrained with a spherule
layer at its base dated at 3258 Ma + 3 Myr’4, and an overlying volcanic unit at its top dated at
3226 Ma + 1 Myr%. Hence, the minimum date we would assign is 3225 Myr.

Soft maximum: We can use the Moon-forming impact as a maximum constraint, as there no
other event or date of significance which can be used in its place. This devastating event would
have sterilised the Earth, hence any life now present on the planet must have evolved post-
impact. It has been proposed that life would not have been able to survive the late heavy
bombardment, which post-dated the Moon-forming impact, but this view has been contested
as ideas of a cool early earth and an early ocean have been proposed*®*’ as well as models
which show that life would have been able to survive during this intense bombardment®®. It is
also possible that there was no late heavy bombardment because evidence of its occurrence has

been found on the Moon but not on Earth*’. There is some debate over the exact timing of the
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impact with proposed dates ranging from 4.54 Ga +0.01 Myr>° to ~4.44Ga>!. Some of the most
recent simulations and models place the Moon-forming at ~4.47 Ga based on asteroidal
meteorites and siderophile elements®>3, This concurs with estimates based on U-Pb isotopes™,
Hf/W isotopes’® and Rb/Sr isotopes>®. We use the oldest credible date to encompass reasonable
uncertainty. The oldest date of 5.4 Ga is based on the Hf-W system’>*7, around which there is
some debate as to the amount of signal caused by cosmogenic production of =W from wTa3.
Hence, the most credible date comes from the U-Pb system. We follow other critical
reviewers>?, in accepting Pb-Pb dating carried out on Moon rocks yields a date of 4.51 Ga+ 10
Myr 2 a date which has also recently been confirmed by reanalysis of the Apollo zircons®. Thus,

our maximum constraint is 4.52 Ga.

Node: Total group Eukarya

Locality and Stratigraphy level: Changcheng Group, Hebei Province, North China
Minimum age: 1619.1 Ma (1625.3 + 6.2 Myr’>)

Maximum age: 4520 Ma (4510 Ma + 10 Myr?)

Phylogenetic justification:

The record of eukaryotes covers a large timespan, during much of which the fossils attributed
to eukaryotes are relatively simple and do not exhibit much morphological variation. The
earliest of these that have been rigorously examined are those from the Changcheng Group in
North China. These fossils come from two levels within this group, the Changzhougou Fm.
and the Chuanlinggou Fm’%77. The units are made up of sandstone and shale, within which the
fossils are found. The fossils are small and lenticular in shape with a carbonaceous outer sheath
and what are interpreted to be excystment structures. The complexity exhibited by these sheaths
and the inferred function, along with the size, places them into the eukaryote domain. The

forms preserved at Changcheng are large enough, on average >125um that they unlikely to be
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any kind of Euacteria or Archaeabacter. Some bacterial cells can reach large sizes and size is
not the best criteria to use but can be informative when used in conjunction with other
characteristics. The authors demonstrate that the cells have a double sheath. The possibility
that cyanobacteria have these structures is discussed but refuted on the basis of size. They are
even proposed to be part of the green-algae plant lineage’®. However, it is due to a lack of
definitive features this claim cannot be substantiated. The age of these fossils encompasses
reports of other fossils that are also Eukaryotic in nature, but those which also have uncertain
affinities, such as the probable 1.56 Ga multicellular fossils”, the string of beads Horodyskia®,
and Shuiyousphaeridium®' and other acritarch and leiosphaerid forms®?%3, Unfortunately, these
fossils are not diagnostic of any crown group eukaryotes and so we can only use them to
calibrate the total group of eukaryotes, helping us to provide a robust minimum for their
appearance. Putative rhodophytes from the Chitrakoot Formation are slightly younger (see
total-group Rhodophyta, below). Although some are sceptical of the eukaryotic nature of these
fossils®*, the combination of their morphology and size seems sufficient to assign them to a
stem group eukaryote affinity.

Age justification:

Hard minimum:

As the oldest of these fossils are found in the Changzhougou Formation it is this that we can
date. To acquire a minimum date for the whole formation, we use ash layers in the overlying
formation, yielding an age of 1625.3 + 6.2 Myr’>. The microfossils are present in both these
layers, but have been described separately’®’”. Hence, we can use the date of the oldest
Chuanlinggou, 1619.1 Ma, to date the underlying Changzhougou.

Soft maximum: We can use the Moon-forming impact as a maximum constraint, as there no
other event or date of significance which can be used in its place. This devastating event would

have sterilised the Earth, hence any life now present on the planet must have evolved post-
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impact. It has been proposed that life would not have been able to survive the late heavy
bombardment, which post-dated the Moon-forming impact, but this view has been contested
as ideas of a cool early earth and an early ocean have been proposed*®*’ as well as models
which show that life would have been able to survive during this intense bombardment®®. It is
also possible that there was no late heavy bombardment because evidence of its occurrence has
been found on the Moon but not on Earth*’. There is some debate over the exact timing of the
impact with proposed dates ranging from 4.54 Ga +0.01 Myr>° to ~4.44Ga>!. Some of the most
recent simulations and models place the Moon-formation at ~4.47 Ga based on asteroidal
meteorites and siderophile elements®>3, This concurs with estimates based on U-Pb isotopes™,
Hf/W isotopes®® and Rb/Sr isotopes®®. We use the oldest credible date to encompass reasonable
uncertainty. The oldest date of 5.4 Ga is based on the Hf-W system®%>7, around which there is
some debate as to the amount of signal caused by cosmogenic production of =W from wTa3.
Hence, the most credible date comes from the U-Pb system. We follow other critical
reviewers>’, in accepting Pb-Pb dating carried out on Moon rocks yields a date of4.51 Ga+ 10
Myr 2 a date which has also recently been confirmed by reanalysis of the Apollo zircons®. Thus,

our maximum constraint is 4.52 Ga.

Node: Total group Rhodophyta

Specimen and fossil taxon: Bangiomorpha pubescens. (Holotype) HUPC 62912, Slide
HUST-1A, England Finder coordinates: O-35.

Locality and Stratigraphy level: Lower Hunting Formation, Somerset Island, arctic Canada.
Soft Minimum age: 1033 Ma (1092 Ma + 59 Myr®%)

Soft Maximum age: 1891 Ma (1823 Ma + 68 Myr®)

Phylogenetic justification: There are several reports of red algae within the fossil record,

stretching back into the Ediacaran, Neo- and Meso-proterozoic. The oldest of which are 1.6
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billion year old fossils, Rafatazmia chitrakootia and Ramathallus lobatus, from the Chitrakoot
Formation®’. However, though both are suggested to be red algae and, while the remains are
compatible with this interpretation, they no not preclude alternative assignments within total
group Archaeplastida. Bangiomorpha pubescens is younger fossil, originally described as a
Bangiale red algae in comparison to the extant Bangia due to the distinctive, radially orientated,
intercalary division of its cells and its putative development®®3°, It has therefore been used as
a calibration for the red algae or sometimes more specifically for the bangiophyte red algae®®!.
Red algae are united by general characteristics that are not commonly preserved in the fossil
record, even in the most exceptional of circumstances, e.g. the red coloured pigments, and
unstacked thylakoids within the chloroplasts®>%3. Hence, Bangiomorpha was identified using
potential developmental characters and the distinct shape of its cell arrangements. However,
although these characters are distinctive®?, they are also characteristic of several other red
algae®. Bangiomorpha has been described as having a multicellular holdfast, a feature found
in some Compsopogonophyceae, another group of basal red algae. Modern Bangia has an
attachment rhizoid, not a multicellular holdfast indicating that the features of Bangiomorpha
are not specifically Bangiale. These observations make it inappropriate to assign
Bangiomorpha specifically to Bangiales. However, the distinct developmental, reproductive
and morphological characteristics appear sufficient to assign Bangiomorpha to Rhodophyta as
a whole. Hence, we can use this fossil to calibrate the node subtending Rhodophyta which link
them to their nearest common ancestor.

Age justification:

Soft minimum constraint: The oldest records of Bangiomorpha pubescens occur in the Lower
Hunting Formation, of Somerset Island, Arctic Canada. A minimum age for the formation is
based on the age of the Franklin igneous events, which have been dated to 723 Ma + 3 Myr”>,

with a maximum age of 1267 Ma + 2 Myr based on the McKenzie igneous events’®. The
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original description®’ cites an unpublished Pb-Pb date 1198 Ma + 24 Myr as a best date for B.
pubescens, however, this date remains unsubstantiated and so it must be discounted. The
formation from which Bangiomorpha was recovered can be correlated lithostratigraphically to
the Society Cliffs Formation®” and the Uluskan Group®®, which are closer to the base of the
sequence, and dated at ~1267 Ma (Mesoproterozoic). This is substantially older than the ~723
Ma minimum constraint on the age of the Lower Hunting Formation. The other option is a date
of 1092 + 59 Myr®® established from a shale layer present in the Arctic Bay formation, which
is comparable® to the sequences below the Bangiomorpha fossiliferous layer i.e. the Lower
Hunting formation. Although this date is older than the layer in which Bangiomorpha resides
it is very close in age and so we employ it as a soft-minimum constraint, thus our date for this
fossil is 1033 Ma.

Soft Maximum Constraint: The soft maximum constraint is based on the earliest record of

7677100 when, despite the presence of simple eukaryotes, there is no evidence of

eukaryotes
anything as complex as a definitively multicellular alga. Though the fossils present have been
suggested by some to represent some kind of green algae’®. The maximum for this formation

is based on the igneous and metamorphic rocks that it overlies. These rocks are dated at 1823

Ma =+ 68 Myr®, yielding a soft maximum constraint of 1891 Ma.

Nodes: Crown Alphaproteobacteria

Specimen and fossil taxon: Bangiomorpha pubescens. (Holotype) HUPC 62912, Slide
HUST-1A, England Finder coordinates: O-35.

Locality and Stratigraphy level: Lower Hunting Formation, Somerset Island, arctic Canada.
Soft Minimum age: 1033 Ma (1092 Ma + 59 Myr®%)

Soft Maximum age: 4520 Ma (4510 Ma + 10 Myr?)
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Phylogenetic justification: There are no fossils that can be attributed to Alphaproteobacteria.
However, the important eukaryote organelle, the mitochondria has been found by consensus to
have belonged within Alphaproteobacteria. This is because mitochondria formed via an

endosymbiosis event with the protoeukaryote!®!

. Within the alphaproteobacteria group the
mitochondria are most commonly linked to the Rickettsiales'*>'%3 though arguments have also
been made for them belonging to other alphaproteobacterial groups!'®":194195 Mitochondria

106,107 byt nonetheless

contain a mosaic of genes which are not all alphaproteobacterial in origin
it is still believed to have originated within this group. Bangiomorpha pubescens®® is a total
group rhodophyte with features that link it to the basal rhodophyte groups such as its cell
arrangement, and others which mean it cannot be placed specifically within any one of them.
It is the oldest fossil in the record that can be confidently identified as a crown-eukaryote. There
are older fossils that are eukaryotic in nature, but they cannot be placed with certainty into
crown-Eukaryota. Hence, we can use Bangiomorpha to provide some level of constraint to the
alphaproteobacteria, in a part of the tree of life that is otherwise poorly constrained.

Age justification:

Soft minimum constraint: The oldest records of Bangiomorpha pubescens occur in the Lower
Hunting Formation, of Somerset Island, Arctic Canada. A minimum age for the formation is
based on the age of the Franklin igneous events, which have been dated to 723 Ma + 3 Myr”>,
with a maximum age of 1267 Ma + 2 Myr based on the McKenzie igneous events’®. The
original description®’ cites an unpublished Pb-Pb date 1198 Ma + 24 Myr as a best date for B.
pubescens, however, this date remains unsubstantiated and so it must be discounted. The
formation from which Bangiomorpha was recovered can be correlated lithostratigraphically to
the Society Cliffs Formation®” and the Uluskan Group®®, which are closer to the base of the

sequence, and dated at ~1267 Ma (Mesoproterozoic). This is substantially older than the ~723

Ma minimum constraint on the age of the Lower Hunting Formation. The other option is a date
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of 1092 + 59 Myr®® established from a shale layer present in the Arctic Bay formation, which
is comparable® to the sequences below the Bangiomorpha fossiliferous layer i.e. the Lower
Hunting formation. Although this date is older than the layer in which Bangiomorpha resides
it is very close in age and so we employ it as a soft-minimum constraint, thus, our minimum
for this clade is 1033 Ma.

Soft maximum: We can use the Moon-forming impact as a maximum constraint, as there no
other event or date of significance which can be used in its place. This devastating event would
have sterilised the Earth, hence any life now present on the planet must have evolved post-
impact. It has been proposed that life would not have been able to survive the late heavy
bombardment, which post-dated the Moon-forming impact, but this view has been contested
as ideas of a cool early Earth and an early ocean have been proposed*®*” as well as models
which show that life would have been able to survive during this intense bombardment*®. It is
also possible that there was no late heavy bombardment because evidence of its occurrence has
been found on the Moon but not on Earth*’. There is some debate over the exact timing of the
impact with proposed dates ranging from 4.54 Ga +0.01 Myr>° to ~4.44Ga>!. Some of the most
recent simulations and models place the Moon formation at ~4.47 Ga based on asteroidal
meteorites and siderophile elements®>3, This concurs with estimates based on U-Pb isotopes™,
Hf/W isotopes®® and Rb/Sr isotopes>®. We use the oldest credible date to encompass reasonable
uncertainty. The oldest date of 5.4 Ga is based on the Hf-W system’*7, around which there is
some debate as to the amount of signal caused by cosmogenic production of =W from wTa3.
Hence, the most credible date comes from the U-Pb system. We follow other critical
reviewers>?, in accepting Pb-Pb dating carried out on Moon rocks yields a date of 4.51 Ga+ 10
Myr 2 a date which has also recently been confirmed by reanalysis of the Apollo zircons®. Thus,

our maximum constraint on the age of Alphaproteobacteria is 4.52 Ga.
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Nodes: Crown-Cyanobacteria

Specimen and fossil taxon: Bangiomorpha pubescens. (Holotype) HUPC 62912, Slide
HUST-1A, England Finder coordinates: O-35.

Locality and Stratigraphy level: Lower Hunting Formation, Somerset Island, arctic Canada.
Soft Minimum age: 1033 Ma (1092 Ma £ 59 Myr®¢)

Soft Maximum age: 4520 Ma (4510 Ma + 10 Myr?)

Phylogenetic justification: Cyanobacteria are inferred to have a relatively plentiful fossil
record. Often the Great Oxidation Event (GOE) and a number of fossils are used to calibrate
the origins of the crown group and various lineages within it. However, the assumption that the
GOE was caused by crown cyanobacteria rests on the assumption that photosynthesis evolved
in associated with the crown clade. This has been recently challenged and so we do not use it

108

as a calibration here'?®. Potential records of cyanobacteria extend into the Archaean but these

109 whose affinities cannot be substantiated!!?. There are

are mainly simple cells and filaments
fossils described as akinetes, cyanobacterial resting spores, from 21. Ga''' and 1.6 Ga!'>.
However, modern specimens show a range of characters and morphology making it difficult to
relate these to any potential ancient counterparts, and other bacterial cells can also show this
type of simple morphology!!®. The most convincing fossil remains are found in the Belcher
Formation, Canada''*!!'3, from around 1.9 billion years old, however, even these cannot be
discriminated confidently from other bacterial grades''3. Instead of using the above-mentioned
fossils as calibration points, as in other studies''®, we opted for a more conservative approached
and used evidence for the oldest archaeplastid; this would have had a chloroplast, known to
have originated in an endosymbiotic event with a cyanobacteria. There is no strict consensus
as to which cyanobacterial group plastids evolved from with the main argument being whether

117

they evolved from an early!'” or late!'®!'” branching lineage within Cyanobacteria.

Bangiomorpha pubescens®® is a total group Rhodophyte (see total-group Rhodophyta, above).



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

It is the oldest fossil in the record that can be confidently identified as a crown group eukaryote;
there are older fossils that are eukaryotic in nature, but they cannot be placed with any certainty
into one of the extant eukaryotic groupings.

Age justification:

Soft minimum constraint: The oldest records of Bangiomorpha pubescens occur in the Lower
Hunting Formation, of Somerset Island, Arctic Canada. A minimum age for the formation is
based on the age of the Franklin igneous events, which have been dated to 723 Ma + 3 Myr”>,
with an maximum age of 1267 Ma + 2 Myr based on the McKenzie igneous events’®. The
original description®’ cites an unpublished Pb-Pb date 1198 Ma + 24 Myr as a best date for B.
pubescens, however, this date remains unsubstantiated and so it must be discounted. The
formation from which Bangiomorpha was recovered can be correlated lithostratigraphically to
the Society Cliffs Formation®” and the Uluskan Group®®, which are closer to the base of the
sequence, and dated at ~1267 Ma (Mesoproterozoic). This is substantially older than the ~723
Ma minimum constraint on the age of the Lower Hunting Formation. The other option is a date
of 1092 + 59 Myr®® established from a shale layer present in the Arctic Bay formation, which
is comparable® to the sequences below the Bangiomorpha fossiliferous layer i.e. the Lower
Hunting formation. Although this date is older than the layer in which Bangiomorpha resides
it is very close in age and so we employ it as a soft-minimum constraint, thus, our minimum
for this clade is 1033 Ma.

Soft maximum: We can use the Moon-forming impact as a maximum constraint, as there no
other event or date of significance which can be used in its place. This devastating event would
have sterilised the Earth, hence any life now present on the planet must have evolved post-
impact. It has been proposed that life would not have been able to survive the late heavy
bombardment, which post-dated the Moon-forming impact, but this view has been contested

as ideas of a cool early earth and an early ocean have been proposed*®*’ as well as models
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which show that life would have been able to survive during this intense bombardment®®. It is
also possible that there was no late heavy bombardment because evidence of its occurrence has
been found on the Moon but not on Earth*’. There is some debate over the exact timing of the
impact with proposed dates ranging from 4.54 Ga +0.01 Myr™° to ~4.44Ga>!. Some of the most
recent simulations and models place the Moon-forming at ~4.47 Ga based on asteroidal
meteorites and siderophile elements®>3, This concurs with estimates based on U-Pb isotopes™,
Hf/W isotopes’® and Rb/Sr isotopes>®. We use the oldest credible date to encompass reasonable
uncertainty. The oldest date of 5.4 Ga is based on the Hf-W system®*>7, around which there is
some debate as to the amount of signal caused by cosmogenic production of =W from wTa%.
Hence, the most credible date comes from the U-Pb system. We follow other critical
reviewers>’, in accepting Pb-Pb dating carried out on Moon rocks yields a date of 4.51 Ga+ 10
Myr 2 a date which has also recently been confirmed by reanalysis of the Apollo zircons®. Thus,

our maximum constraint is 4.52 Ga.

Node: Dikarya

Locality and stratigraphy level: Rhynie, Aberdeenshire, Scotland. Lower Devonian
Minimum age: 392.1 Ma (393.3 Ma + 1.2 Myr!??)

Maximum age: 1891 Ma (1823 Ma + 68 Myr®°)

Phylogenetic justification: The minimum constraint is based upon fossils from the Rhynie
Chert'?! described as Paleopyrenomycites devonicus'*?>. This fungal fossil is found in
association with the roots of early plants and has key characteristics that relate it to the
Ascomycota, including containing the sexual spores (asci) in a sac-like structure, the ascus.
Although there are earlier examples of possible fossil fungi much of their interpretation is
spurious. This category includes Tappania, which was once interpreted as a fungus'?®, but is

now considered to be an acritarch!?*, and the ‘lichen-like’ fossil from Doushantuo'? is difficult



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

to discriminate from diagenetic artefacts that are characteristic of fossils from the Weng’an
Biota'?¢. There is a more convincing record of a possible Glomeromycota fungus from the

Ordovician!?’

. However, this specimen has not been assigned with as much confidence to a
distinct fungal lineage as those fossils contained in the younger Devonian Rhynie Chert
deposits. The oldest report of a fungi-like fossil is from the Ongeluk Formation, ~2.4 Ga'?3.
The filaments are situated within basaltic lavas, a rock type shown to host putative fungal
species in more recent Eocene basalts!?*-1*!. However, although the Ongeluk fossils do show
many typical fungal features, these can also be attributed to the actinobacteria, such as the
hyphae-like cells and Y-junctions, thus, their affinities are ambiguous. Hence, we use the
confidently assigned fungi fossil from the Rhynie chert to constrain the minimum age of the
clade comprising Ascomycota and Basidiomycota and sister lineage Glomeromycota.

Age justification:

Hard minimum: Proposed dates for the Rhynie Chert system have been mostly based upon
zircons from volcanic deposits in the sequence. Two recent dates proposed are 407.1 Ma £ 2.2
Myr!'*2 and 411.5 Ma + 1.3 Myr!33. The former is from a hydrothermally produced layer within
the sequence and with which there is high oxygen isotopic homogeneity from the layers with
the spore bearing assemblage!*?. The other date is derived from the Milton of Noth andesite!>.
Despite being based on zircon evidence, neither of these dates is suitable; the Milton of Noth
andesite has uncertain placement within the sequence but is most likely found beneath the
Rhynie spore-bearing layer!3* and so cannot be used to provide a minimum date. The later
date!*? is also unsuitable because the layers which are dated do not come from above the spore
assemblage, and the method of dating has some problems'3>. Therefore, we base our minimum
clade age constraint on the spore assemblage characterizing the Rhynie Chert. This places the

Rhynie Chert in the early Pragian to early Emsian'*¢. The age of the top of the Emsian-Eifelian



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

boundary is dated as 393.3 Ma + 1.2 Myr!?°. Hence our minimum clade age constraint is 392.1
Ma.
Soft maximum: The maximum for this calibration is based on the earliest record of

767,100 when, despite the presence of simple eukaryotes, there is no evidence of

eukaryotes
anything as complex as a multicellular alga. Though the fossils present have been suggested
by some to represent some kind of green algae’®. This date also encompasses the recent
discovery of possible multicellular eukaryotes from the 1.56 Ga’. The maximum for this

formation is based on the igneous and metamorphic rocks that lie beneath it. These rocks are

dated at 1823 Ma + 68 Myr®®, thus, our maximum is 1891 Ma.

Node: Crown group Foraminifera

Locality and Stratigraphy level: The Chapel Island Formation, Newfoundland, Canada.
Lower Cambrian.

Minimum age: 525.5 Ma (525.5 Myr!??)

Maximum age: 1891 Ma (1823 Ma + 68 Myr®)

Phylogenetic justification:

The foraminifera are a group of testate eukaryotes that are part of Rhizaria, a group that also
includes Cercozoa and Radiolaria. Foraminifera are well known from most of the Proterozoic
before which there are scattered reports with varying degrees of validity. The very oldest
possible reports come from Post-Sturtian deposits located in Namibia and Mongolia!37:138,
These are interpreted as foraminifera based on the composition of the tests found. However,
the authors cautiously interpret them as foraminifera, partly due to the shape that is not seen in
modern forms, so there is still a level of uncertainty in their affinity. Other Ediacaran fossils
have been described as foraminifera, such as the enigmatic Palacopascichnus. However, these

139

fossils lack a number of key diagnostic features of foraminifera'>”. Generally the oldest forms
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are regarded to be those from Western African'* and from the Lower Cambrian of Canada
Though Culver described the Western African forms as Cambrian in nature, due to their
position and the appearance of a Cambrian snail in the same deposits, new dating suggests that
the formation might actually be closer to the Ordovician in age!*?. The fossil described as
Platysolenites cooperi'*' has had its foraminiferal affinity questioned based on the possible
composition of their tests'**1*4, However, in their paper Mcllroy and colleagues dispel this
doubt by looking in detail at the wall composition. They find that it is composed of agglutinated
grains, was organically bound and probably flexible in life. They also find that it shows
evidence of fracturing that was repaired during the organism's lifetime, on the outside of the
wall, a character not seen in metazoans. This and other support from previous reviews!4-147
provides strong evidence for P. cooperi being an early agglutinating foraminifera.

Age justification:

Minimum: The oldest fossils of P. cooperi come from the latest Ediacaran to Lower Cambrian
in Newfoundland, the Chapel Island formation'#!. This formation sits just above the Cambrian
boundary and is correlated to the Nemakit-Daldyian which has a minimum date of 525.5 Ma
according to the latest version of the geological timescale'?’.

Maximum: The maximum for this calibration is based on the earliest record of
eukaryotes’®’71% recovered from the Changzhougou Formation (China), when, despite the
presence of simple eukaryotes, there is no evidence of crown-eukaryote lineages or their
characters. This date also encompasses the recent discovery of possible multicellular
eukaryotes from the 1.56 Ga’ as well as the reports of possible ameboid tests, called vase-

137 The maximum for the

shaped microfossils which might belong to a clade of the Rhizaria
Changcheng Group is based on the igneous and metamorphic rocks that lie beneath it. These

rocks are dated at 1823 + 68 Myr®®, thus, our maximum is 1891 Ma.
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Node: Embryvophytes

Locality and Stratigraphy level: Qusaiba-1 core from the Quasim formation of northern
Saudi Arabia

Minimum age: 448.5 Ma!'#

Maximum age: 509 Ma'#

Age justification:

The oldest evidence of embryophytes are trilete spores. We follow Clark and Donoghue'# in

dating these to a minimum date of 448.5 Ma. The maximum is placed at the Bright Angel Shale

which has a date of 507.2-509 Ma, hence, the maximum that we use to 509 Ma.

Node: Angiospermae

Locality and Stratigraphy level: Cowleaze Chine Member of the Vectis Formation of the Isle
of Wight

Minimum age: 125.9 Ma (126.3 Ma + 0.4 Myr!#)

Maximum age: 247.3 Ma (247.1 Ma + 0.2 Myr'%)

Age justification:

The oldest evidence of angiosperms is tricopolate pollen. We follow Clark and Donoghue'#
and date the pollen to the Cowleaze Chine Member, Isle of White. This yields a minimum date
of 126.3 + 0.4 Myr and a maximum date of 247.1 Ma + 0.2 Myr from a rock layer free of

angiosperm pollen.

Node: Metazoa

Locality and Stratigraphy level: White Sea Formation, Russia

Minimum age: 550.25 Ma (552.85 Ma =+ 2.6 Myr!*?)
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Maximum age: 833 Ma (827 Ma + 6 Myr!*?)

Age justification: The oldest uncontroversial evidence for Metazoa is the fossil Kimberella
quadrata. The oldest specimen of this is found in the White Sea, Russia, for which a minimum
date of 552.85 Ma + 2.6 Myr has been established. The maximum is set as 827 Ma + 6 from a

formation that shows no evidence of any total group metazoans.



497  S2. Gene families used in this study by S. cerevisiae identification code.
S. cerevisiae gene IDs Gene  family  number  (arbitrary,

corresponds to dm XX.fa naming

scheme)

Rps14bp (1)

Rps23bp (6)

Funl2p (14)
Rpll1ap (15)
Rsp3p (20)
Rpsl6ap (22)
Rpllap (24)
Rpl2bp (29)
Rpl23bp (30)
Rpl12ap (31)
Eftlp (33)
Kaelp (34)
RpsObp (35)
Rps2p (36)
RpsSp (37)
Srp54p (40)
Teflp 4

Rlilp (5)

Dpslp (10)
Rpal90p (11)
Sec61p (12)
Cct5p (16)
Rfc2p (17)
Vma2p (23)
Map2p (25)
Rpll6ap (28)
Glndp (32)
Rpal35p (39)
Srpl01p (41)
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S3 Supplementary results — Phylogeny.

We performed phylogenetic analyses of our complete dataset to evaluate whether it supported
generally agreed relationships. While the scope of this study is not that of resolving
relationships at the root of the tree of life, this is important to make sure that the genes we
selected are informative and do not display obvious paralogy or xenology problems. Analyses
of the complete dataset failed to converge under both GTR+G and CAT-GTR+G. Irrespective
of that the trees inferred under both models reflect current consensus relatively well. CAT-
GTR+G analyses in particular invariably found support for the Eocyte tree, even if with
Koarchaeum cryptofilum as the sister of Eukaryota rather than the Lokiarchaeota (Figure S3.1).
Differently, GTR+G analyses found support for either the Eocyte tree (still with Koarchaeum
cryptofilum as sister of the Eukaryota) or for Woese’s Three Domains Tree (Figure S3.2a and
S3.2b). RogueNaRok!'*’ identified five rogue taxa in the dataset (Koarchaeum cryptofilum,
Treponema_pallidum, Fibrobacter succinogenes, Cyanophora paradoxa and Actinomadura
madurae). CAT-GTR+G analyses performed after excluding these taxa still failed to converge
(Figure S3.3). However, with the exclusion of the relationships among the eukaryotic
supergroups, all key relationships in the CAT-GTR+G tree of Figure S3.3 are resolved
according to common knowledge. The GTR+G analysis of the RogueNaRok reduced dataset
(Figure S3.4), converged well and resolved the tree in essential agreement with the CAT-
GTR+G analysis, supporting in particular the Lokiarchaeota as the sister of the Eukaryota.
Overall, these results indicate that instability is limited to the tip-ward part of the tree and this
is not unsurprising given that we specifically targeted highly conserved genes to better date the
history of life closer to the root rather than the tips. The only area in which our converged
GTR+G tree, and our unconverged CAT-GTR+G, tree disagreed with the current consensus
were the relationships of the eukaryotic supergroups. This might indicate Long Branch

Attraction Artifacts. To test this hypothesis we performed a CAT-GTR+G analysis including
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only the eukaryotic taxa and found relationships that are fully compatible with the current
consensus (Figure S3.5). This indicates that the eukaryotic relationships in Figure S3.3 and
S3.4 probably represent tree reconstruction artefacts caused by the attraction between
eukaryotes lineages (like the secondarily amitocondriate Giardia lamblia) and the prokaryotes.
Accordingly, for our clock analyses we used a fixed tree topology compatible with the trees in
Figure S3.3 and S3.4, but where the eukaryotes were resolved as in Figure S3.5 and unstable
taxa identified by RogueNaRock'’' were reintroduced and resolved according current

consensus. This tree is reported in Figure 3 in the main text.
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536  S3.1. Phylogeny produced using PhyloBayes with a CAT-GTR+G model (not converged and

537 including rogue taxa).
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S3.2. Phylogenies produced by two independent runs using PhyloBayes with a GTR+G

model (not converged and including rogue taxa) (a) Showing support for the eocyte tree and

(b) for Woese’s Three Domains Tree.
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544  S3.3. Phylogeny produced using PhyloBayes with a CAT-GTR+G model (not converged and

545  excluding rogue taxa).
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548  S3.4. Phylogeny produced using PhyloBayes with a GTR+G model. This analysis converged
549  well (number of cycles = 3872; Burnin = 1000; BPcomp Maxdiff = 0.18; Tracecomp

550 Minimum Effective Size = 244; Tracecomp maximum relative difference = 0.15).
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S3.5. Phylogeny showing the Eukaryote only relationships. Produced using PhyloBayes with
a CAT-GTR+G model. This analysis reached an acceptable level of convergence (number of
cycles = 34660; Burnin = 15000; BPcomp Maxdiff = 0.05; Tracecomp Minimum Effective

Size = 170; Tracecomp maximum relative difference = 2.2).
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571  S4.1. Divergence dates for 7 key nodes in the tree of life produced by implementing the
572 molecular clock on a gene by gene basis. In each case a Cauchy 50% calibration distribution
573  density and an uncorrelated clock model was used. On each of the plots the bars represent the

574  divergence dates for genes 1-29.

575
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579  S4.2. Density plots comparing the prior (grey) and the posterior distributions (colour) in
580 divergence times for 5 nodes in the tree of life. The different calibration density distributions

581 and clock models used are listed along the right side.
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S4.3. Comparison of divergence dates produced using (a) a Cauchy 50% calibration
distribution density with Eocyte topology (see also Figure 1a), (b) a Cauchy 50% calibration
distribution density with a Three Domain Topology, and (c) a Cauchy 50% calibration
distribution density with additional species in Alphaproteobacteria and Cyanobacteria. The

Eukaryota are highlighted in grey, the Archaebacteria in red and the Eubacteria in blue.

<
o
)
<
(7]
—
§
>
—
o
I
c
0
=
£
2 o~
©
o
®
o
c
]
2
o
—
)
2
8
i T T T T @ T - T T T
\ V' .
' N WG N et e © QPR N
o e <2 <oV et P o o o 2 o aef ok
() aﬂ oﬂ O o 20 OV 0 O & (S WX W oo
o o o < @ e o O e
N 2 29 2 o 2% 50
C o o S AP O
» » el

Node in the Tree of Life

S4.4. Violin plots showing the spread of divergence dates for key nodes in the tree of life from
20 different analyses: Cauchy 50% calibration distribution density; Cauchy 10% calibration
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distribution density with an autocorrelated clock model; Uniform calibration distribution



596 density; and the 15 tree topologies in the 95% credible set of trees from our original phylobayes

597  analysis.
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599  S4.5 Results obtained from an attempt at co-estimating time and topology (20,000,000
600 generations). Following the advice of one of the reviewers we attempted completing a co-

601  estimation of time and topology using our dataset. This analysis was run in MrBayes 3.2.6!52
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under the LG model of substitution with a discrete gamma model of rate variation with four
bins. A uniform prior was placed on the topology, except for the 10 internal nodes with set
time priors which were constrained to be monophyletic. Prior time constraints on these nodes
and the root were set as uniform distributions with the bounds taken from the fossil ages — as
in all our other analyses. Branch rates were sampled assuming an uncorrelated Independent
Gamma Rates (IGR) model'>? with variance sampled from an exponential distribution (mean
= 10). The MCMC model sampled every 1000 generations with four independent runs. The
tree was summarised as a 50% majority-rule consensus, and model convergence was assessed
by analysing Potential Scale Reduction Factor (PSRF, target < 1.05), Effective Sample Size
(ESS, target > 200), and visual inspection using TRACER.

Although the results we obtained using co-estimation of time and topology are
consistent with those of our other analyses, the co-estimation MCMC runs did not converge
within a reasonable amount of computational time (20,000,000 generations), and so they
cannot be used to draw definitive conclusions. The similarity between the MCMC samples
drawn under co-estimation and those of our other analyses - particularly the well-converged
analysis in which we dated the 95% credibility set of topologies (S4.4) - suggest that, at least
in this case, there may be little practical advantage in joint estimation when compared to two-

step analysis!>*135,
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ESS (after 20,000,000) clearly indicate that the analysis is still far from convergence.
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