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Oldest thylakoids infossil cells directly
evidence oxygenic photosynthesis
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M Check for updates

Today oxygenic photosynthesis is unique to cyanobacteria and their plastid relatives
within eukaryotes. Although its origin before the Great Oxidation Event is still
debated'™, the accumulation of O, profoundly modified the redox chemistry of the
Earth and the evolution of the biosphere, including complex life. Understanding the

diversification of cyanobacteriais thus crucial to grasping the coevolution of our
planet and life, but their early fossil record remains ambiguous®. Extant cyanobacteria
include the thylakoid-less Gloeobacter-like group and the remainder of cyanobacteria
thatacquired thylakoid membranes®’. The timing of this divergence is indirectly
estimated at between 2.7 and 2.0 billion years ago (Ga) based on molecular clocks
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and phylogenies

and inferred from the earliest undisputed fossil record of

Eoentophysalis belcherensis, a2.018-1.854 Ga pleurocapsalean cyanobacterium
preserved insilicified stromatolites'>?, Here we report the oldest direct evidence of
thylakoid membranes in a parallel-to-contorted arrangement within the enigmatic
cylindrical microfossils Navifusa majensis from the McDermott Formation, Tawallah
Group, Australia (1.78-1.73 Ga), and in a parietal arrangement in specimens from the
Grassy Bay Formation, Shaler Supergroup, Canada (1.01-0.9 Ga). This discovery
extends their fossil record by at least 1.2 Ga and provides a minimum age for the
divergence of thylakoid-bearing cyanobacteria at roughly 1.75 Ga. It allows the
unambiguous identification of early oxygenic photosynthesizers and a new redox
proxy for probing early Earth ecosystems, highlighting the importance of examining
the ultrastructure of fossil cells to decipher their palaeobiology and early evolution.

Cyanobacteria have played animportant partin the evolution of early
life and Earth, as one of the major actors in the Great Oxidation Event
(GOE) around 2.4 billion years ago (Ga) and possible but disputed earlier
low-oxygenation events, based on the geochemical record®*. Phylogeny
of enzymes involved in the use or production of O, suggests an early
availability of oxygen at around 3.1 Ga (ref. 14), whereas phylogenetic
analyses of PSIl genes suggest that an early form of oxygenic photo-
synthesis was established by 3.0 Ga (refs.15,16). However, the appear-
ance of oxygenic photosynthesis does not need to coincide with the
origin of crown cyanobacteria, which diversified before® or after"
the GOE. Cyanobacteria diverged from non-photosynthetic relatives
between 3.37 and 2.54 Ga based on molecular clock estimates, and
crown group cyanobacteria diverged from their stemrelatives before
or after the GOE (3.67-2.02 Ga)". These early redox fluctuations led to
the development of new oxygenated ecological nichesin which aerobe
life, including eukaryotes, diversified, leading to complex ecosystems.
Cyanobacteria are also the ancestors of the chloroplast®, the organelle
inwhich oxygenic photosynthesis takes place within eukaryotes, which
enabled the diversification of photosynthetic protists, multicellular
algae and, later, plants. Despite theirimportance, their unambiguous
fossilrecord remainsto be evidenced. Although simple filamentous and
coccoidalfossils that are abundant in Proterozoic shales and cherts are
usually—and probably rightly—attributed to cyanobacteria, their simple

morphology and occurrence in the photic zone of aquatic deposits
arenot unique to these microorganisms®. To date, only four microfos-
sil taxa are interpreted with confidence as cyanobacteria, including
2.018-1.854 Ga (ref. 13) Eoentophysalis belcherensis, the oldest fossil
interpreted as a cyanobacterium>??%%; the endolithic Pleurocapsales
1.35-1.01 Ga Polybessurus®and 1.63 Ga Eohyella**; and a1.040-1.006 Ga
Nostocales Stigonemataceae cyanobacterium Polysphaeroides fili-
formis(C.F.D.etal., manuscriptin preparation). These microfossils are
identified based on their particular morphology and division pattern,
andtheir habitat, except for P, filiformis, unambiguously identified asa
cyanobacteriumthanks to a combination of morphological, chemical
and ultrastructural features (C.F.D. et al., manuscript in preparation).

In combination with morphology, ecology and chemistry, one cri-
terion that is scarcely used to identify microfossils—although it may
provide crucial palaeobiological information—is the ultrastructure
of cell walls and intracellular organelles (C.F.D. et al., manuscript in
preparation)®?¢. Thylakoids represent direct ultrastructural evidence
for oxygenic photosynthesis metabolism. Thylakoid membranes are
dense, mostly galactolipid, protein-containing bilayers in which
photosynthesis occurs in photosynthetic organisms. They have a tri-
dimensional lamellar organization in cyanobacterial cells or in the
chloroplast of algae and plants. When present in cyanobacteria, thy-
lakoids are found in different arrangementsin the cell lumen, whereas
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ineukaryotes they are compacted within chloroplastsin two types of
structure, the granaand stromalamellar domains?. Thylakoid arrange-
ment in cyanobacteria can be parietal, radial, fascicular, irregular or
parallel to the cellmembrane®?, Their origin postdates the emergence
of crown cyanobacteria. Indeed, the earliest diverging extant cyano-
bacterial lineage, the genus Gloeobacter, characterized by the absence
of thylakoids®*, is placed at the most basal position in phylogenetic
reconstructions, which suggests that this lineage may have con-
served traits inherited from the ancestral lineage of cyanobacteria®.
Therecentdiscovery of asecond thylakoid-less cyanobacterial genus,
Anthocerotibacter, was used to estimate divergence with Gloeobacter
around 1.4 Ga (ref. 10).

One recent hypothesis suggested that the early emergence of
thylakoid-forming cyanobacteria may partly explain the span of the
GOE by ‘multiplier effect”. This proposition holds on the expansion
of the photosynthetic surface by the multilayered photosynthetic
membranes inside the cells that allow a higher production of O, in
comparison with the smaller surface of the sole cell membrane that
hosts the photosynthetic machinery in Gloeobacter-type cyano-
bacteria®’. In contrast with this hypothesis, other authors have
suggested the emergence of crown group cyanobacteria (which
includes both thylakoid-less and thylakoid-forming cyanobacteria)
after the GOE’, illustrating the debates around the early evolution
of cyanobacteria.

Fossil thylakoids

Inthefossilrecord, thylakoids were identified in 0.152-0.157 Ga micro-
fossils from Kimmeridgian bituminous shales**. These structures
interpreted as thylakoids are linear or contorted, with sharp outlines
and a thickness of 35-70 nm (ref. 34). Thylakoidal structures were
also reported in potential algal aggregates from the Late Ediacaran
(0.55 Ga)*. In younger samples, chloroplasts have been identified in
various fossil plants of the Cenozoic®**. The preservation of thylakoids
extracted by acid demineralization was alsoreportedin 600-year-old
cyanobacterial mats from Antarctic lacustrine sediments,

Here we report the presence of thylakoids in the microfossil Navifusa
majensis, an enigmatic, ellipsoidal, organic-walled microfossil known
in Mesoproterozoic to Neoproterozoic assemblages, although other
species of the genus range up to the Carboniferous®. Its taxonomic
identity isunresolved and probably polyphyletic, as such asimple shape
isknownindiverse clades. The specimens studied here are preserved as
carbonaceous compressionsin shales of the 1.78-1.73 Ga McDermott
Formation, Australia, the 1.01-0.90 Ga Grassy Bay Formation, Arctic
Canadaand the1.040-1.006 GaBlIc6 Formation, Democratic Republic
of the Congo (DRC). This mode of fossilization as thin carbonaceous
compressions is common throughout the geological record for
organic-walled microfossils that are flattened within fine-grained,
clay-rich, layered sediments®?2*?¢¥ The presence of thylakoidsin the
Proterozoic fossil record was previously indirectly inferred from the
record of microfossil taxa identified unambiguously as late Palaeopro-
terozoic and younger cyanobacteria or late Mesoproterozoic algae, but
never observed. Here we present direct evidence for the preservation
of thylakoids within fossil cells and suggest a minimum age for the
emergence of thylakoid-bearing cyanobacteria before 1.75 Ga, consist-
ent with the fossil record of unambiguous cyanobacteria.

Ultrastructure of N. majensis

Specimens of N. majensis from (1) laminated grey shales of the 1.78-
1.73 Ga, shallow-water, marine-to-estuarine/fluviatile McDermott For-
mation of the Tawallah Group, McArthur basin, northern Australia®®,
(2) the 1.01-0.90 Ga, shallow-water estuarine Grassy Bay Formation
of the Shaler Supergroup, from the Brock Inlier in the Northwest
Territories of Arctic Canada®® and (3) the 1.040-1.006 Ga (ref. 41),
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Fig.1|Images of N. majensis microfossils. a, N. majensis (n =16) from the
McDermott Formation, Tawallah Supergroup, northern Australia. b, N. majensis
(n=22) fromthe Grassy Bay Formation, Shaler Supergroup, Arctic Canada.

¢, N. majensis (n=13) from the Bllc6 Formation, Mbuji-Mayi Supergroup, DRC.
Onerepresentative specimen for each formation. n, number of measured
specimens. Scalebars, 50 pm.

shallow-water marine Blic6 Formation of the Mbuji-Mayi Supergroup,
DRC**were analysed in this study. These consist of organic-walled,
unornamented, non-septate, ellipsoidal vesicles with rounded, closed
ends* (Fig.1). Their size range overlaps, with McDermott specimens
(n=16) that are 57-177 pm in length and 17-40 um in width; Grassy
Bay specimens (n =22) that are 84-264 pmin length and 23-53 um
in width; Bllc6 Mbuji-Mayi specimens (n =13) that are 75-183 um in
length and 34-60 pm in width; and specimens from the Bylot Super-
group measured in Hofmann and Jackson**. The ultrastructure of
unstained, resin-embedded specimens was observed with trans-
mission electron microscopy (TEM) through transversal ultrathin
sections. Because these organic-walled microfossils are preserved
as thin carbonaceous compressions in fine-grained sediments, the
length of transversal TEM sections corresponds to the width of the
microfossils, whereas the thickness corresponds to that of the com-
pressed microfossils (Extended Data Fig. 4). N. majensis specimens
from the Tawallah Group show a set of intracellular membranes
with sharp, darker edges that appear to be either parallel to the cell
wall or locally contorted (Fig. 2a,b). Each membrane comprises one
medium-electron-dense layer surrounded by two electron-dense
layers (Fig.2a,b). These membranes have a thickness ranging from 10
to 20 nm (Extended Data Fig. 3 and Extended Data Table 1). The cell
wall consists of one electron-lucent layer and one thin electron-dense
layer with a total thickness of up to 70 nm (Fig. 2b). The cell wall has
anirregular thickness all along the section and is sometimes poorly
preserved. The inner membranes are not stored in compartments
such as chloroplasts and do not show grana or stroma lamellae-like
structures, implying that these fossils are not eukaryotic®. Indeed, in
the chloroplast, stacked concentric layers are all surrounded by the
plastid wall, a concentric bilayered structure*®, which is not the case
here (Fig.2a,b). Theintracellular membranes have a thickness consist-
ent with those of modern thylakoids (two membranes separated by a
lumen (measured at 12-16 nm in Fig. 4d in ref. 46 and at 14-18 nmin
Figs.1and2inref.29)). These areinterpreted as compressed, stacked,
thylakoidal membranes preserved intracellularly and may represent
aparallel and locally contorted arrangement?,

Ultrathin sections of N. majensis from the Grassy Bay Formation
show an ultrastructure that consists of an outer, electron-tenuous



Fig.2| TEMimages of N. majensis from the McDermott Formation, Australia,
and the Grassy Bay Formation, Canada. a,b, Specimen from the McDermott
Formation, Australia (n=2).a, Well-defined contorted layers are interpreted as
thylakoids. Each thylakoid comprises one medium-electron-dense layer
surrounded by two electron-dense layers. b, Another part of the section,
showing the electron-light outer layer (red arrow) overlying the very thin dark
layers (yellow arrow), interpreted as the cell wall. ¢,d, Specimen from the Grassy
Bay Formation, Canada (n =2).End of the specimen (c) and intermediate region
ofthe specimen (d), both showing well-preserved layers separated by white
linear spaces (lumen) and interpreted as thylakoids with their concentricand
parietalarrangement. The holein the centreis the intracellular space. Possible
partitions are visible between thylakoids, some possibly merged during
diagenesis and burial compression (see also Extended DataFig.1b). The
electron-lightouter layer (red arrowinc) overlying the very thin dark layers
(yellowarrowinc)isinterpreted as the cell wall. n, number of specimens
observed by TEM. Scale bars,200 nm (a,b), 500 nm (c,d).

layer and a thin, dark layer surrounding a set of four to six uninter-
rupted, electron-dense concentric layers with sharp edges (Fig. 2¢,d).
Theouter, electron-tenuous layer issometimes poorly preserved and
is underlain by a thin, dark layer, both forming the cell wall for a total
thickness of up to42 nm (Fig. 3a). Theinner layers have thickness rang-
ing between 18 and 97 nm (Extended Data Figs. 1and 2 and Extended
Data Table1), except for the larger, outermost, inner layer with a thick-
ness of approximately 200 nm (Fig. 3a). Larger layers (over 20 nm)
probably correspond to merging of several membranes during burial,
compression and diagenesis (Extended DataFig.1b). Moreover, larger
layers have been observed in the modern cyanobacterium Spirulina
major (PCC 6313), for which thylakoids may fill almost the whole cell
with a4.75-6.25-fold thicker subperipheral layer consisting of tightly
stacked membranes®. All of these intracellular layers are concentric,
uninterrupted and show a parietal arrangement (Fig. 2c,d). Such a
lamellar architecture is similar to the arrangement of thylakoids in
some cyanobacterial strains?® and potentially represents the most
primitive architecture of thylakoids®. Here again, the more complex

Fig.3| TEMimages of N. majensis from the Grassy Bay Formation, Canada,
and the Bllc6 Formation, DRC. a,b, Specimens from the Grassy Bay Formation
(n=2).a, Theelectron-light outer layer (red arrows) overlying the very thin dark
layer (yellow arrows), both forming the cell wall; and the partition between
stacked thylakoids, seen as lines of small, white holes. b, The complete
transversal ultrathinsection of aspecimen, itslength corresponding to
microfossil width andits thickness corresponding to that of the flattened
microfossil (Extended DataFig.4). c,d, Specimens from the Blic6 Formation
(n=2).c,Ahomogeneous, medium-dense, inner layer surrounded by the outer
wall.d, The outer wall comprises an electron-light outer layer (red arrow) that
appearstobe fibrous (black arrow) overlying the very thin dark layer (yellow
arrow).Scalebars,200 nm (a,d), 5 pm (b), 500 nm (c).

ultrastructure of the chloroplastis not observed for these specimens.
The combination of thickness, electron density and parietal arrange-
mentof these inner layers is consistent with the presence of thylakoids
preserved intracellularly within these fossil cells.

Raman microspectroscopic geothermometry shows that temper-
atures undergone by fossils in the diagenetic window were around
181 °C for the Shaler fossils and about 188 °C for the Tawallah fossils,
consistent with the respective geological contexts and evidencing
their syngenicity (Fig. 4)****, Despite the darker brown colour of the
organic wall of N. majensis from the Shaler Group (Fig.1c,d) compared
with the light brown Tawallah specimens (Fig. 1a,b), their outer wall
thicknesses and ultrastructures are similar and thus differences in
colour do not result from differences in wall thickness, ultrastruc-
ture or temperature. The low burial temperature, together with their
taphonomy in clay-rich shales and their recalcitrant lipidic composi-
tion, may explain the preservation of intracellular structures such as
thylakoids within recalcitrant cell walls. Organic-walled microfossils
can be preserved compressed in shales as old as 3.2 Ga and withstand
acid demineralization*s, The ultrastructure of cell walls can be variably
preserved within single Proterozoic specimens (for example, ref. 25) as
observed here, and thylakoid membranes also withstand acid demin-
eralization of fossil Holocene mats®® and may show sharp edges com-
pared withill- to well-defined cell walls following acetolysis of modern
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Fig.4|Raman microspectroscopy ofisolated N. majensis specimens.
a,Representative Raman spectra of N. majensis specimens from the three
geological formations, representing the mean spectrum for each map.
Palaeothermometry temperatures were calculated using the Ramanreflectance
method* for each geological context (McDermott Formation, n=2,801, mean

and Mesozoic fossil cyanobacteria®. Such exquisite preservation and
arrangement of intracellular membranes provide direct evidence for
oxygenic photosynthesis, and the absence of chloroplast implies that
N.majensis specimens fromboth formations represent cyanobacteria
rather than algae.

By contrast, N. majensis specimens from the Mbuji-Mayi Supergroup
differ markedly in their ultrastructure (Fig. 3c,d). These specimens
showahomogeneous, electron-tenuous inner layer filling the vesicle,
the cell lumen is not visible between the compressed walls and there
are no distinctive inner layers such as in N. majensis specimens from
the two other formations. Thisinner layer is 43-114 nmthick andis sur-
rounded by one thin, electron-dense layer that, itself, is surrounded by
anelectron-lucent layer. Thesetwo layers are interpreted as the cell wall,
which shows variable thickness all around the section, ranging from 3
to 66 nm, and appears locally fibrous or laminated where it is thicker
(Fig. 3d). These observations are not consistent with the presence of
inner stacked thylakoidal membranes. Raman palaeothermometry
shows that the temperature undergone by these fossils was roughly
207 °C, similar to or only slightly higher than that for the other studied
localities, suggesting that these DRC specimens either might not have
preserved thylakoids or might not have possessed them originally, or
they may represent another microbial clade (Fig. 4).

Other interpretations of Navifusa spp.

Navifusa morphospecies gather dozens of microfossils with similar
morphology and variable size, with a stratigraphic range from the Pal-
aeoproterozoic to the Carboniferous®*. Suchellipsoidal or cylindrical,
smooth-walled, unornamented formis very simple and widespreadin
alarge number of clades such as bacteria, microalgae and other pro-
tists, or fragmented eukaryotic multicellular organisms. This makes
the interpretation of Navifusa microfossils ambiguous? because it
couldrepresent distinct lineages among prokaryotes and eukaryotes.
The morphogenus Navifusa presents a morphology similar to that of
other microfossils called Archaeoellipsoides® that are preserved silici-
fied tridimensionally in chert®®. These silicified microfossils are com-
monly interpreted as akinetes when associated with short trichomes
interpreted as resulting from akinete germination®%, but see ref. 22.
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187.9 +11.3 °C; Grassy Bay Formation, n =604, mean 180.9 +13.1°C; Bllc6
Formation,n=3,112, mean206.8 + 4.5 °C. n, number of spectra for each map.
b, Onerepresentative spectrum deconvolution for one specimen from each
formation. Intensities arein arbitrary units. G, graphite band; D1-D4, disordered
carbonbands.

Akinetes are specialized dormant cells of nostocalean cyanobacteria
produced under harsh environmental conditions®>. One Devonian
Navifusa species shows a longitudinal and trochospiral excystment
structure and was interpreted as a eukaryotic alga*. Some larger Pro-
terozoic specimens (300-550 pm long and 190-375 um wide) were
interpreted as probable eukaryotes®. Although the morphology and
size of Navifusa spp. are coherent with several interpretations, the
cellular ultrastructure permits discrimination of these hypothetic
taxonomic placements. Indeed, modern cyanobacterial akinetes show
anultrastructure different from that observed in our fossil material®,
with a cell wall surrounded by a multilayered extracellular envelope
of varying electron density*® and reduced thylakoids®. However, the
layers of the envelope may differ between species of cyanobacteria
because in some strains the akinete envelope is an extracellular poly-
saccharidic matrix covering a thin glycolipid layer®, Such akinete
ultrastructure clearly differs fromthat exhibited by the fossil specimens
of the Shaler Supergroup and Tawallah Group studied here, which do
possess well-developed inner layers interpreted as thylakoids with
similar electron density and thickness but no multilayered extracel-
lular envelope. Moreover, some modern cyanobacterial species have
an ellipsoidal morphology similar to N. majensis with large dimen-
sions, such as Cyanothece major (30-70 x 28-52 um?) or Cyanothece
aeruginosa (10-50 x 10-38 pm?)’.

Implications of preserved thylakoids

Although thylakoid arrangements do not permit pinpointing of a
specific clade of cyanobacteria due to convergence within this clade,
a parietal arrangement was proposed as the earliest to appear in
thylakoid-bearing clades®. The discovery of preserved thylakoids in
N.majensisfromboth the Shaler Supergroup and Tawallah Group pro-
vides direct evidence for oxygenic photosynthesis, for acyanobacterial
affinity and for ametabolically active vegetative cell rather thana cyst
(akinete) stage for these specimens. Asillustrated by the differencein
ultrastructure of Navifusa specimens from the three geological suc-
cessions despite similar morphologies, ultrastructural analyses of
enigmatic microfossils, although scarcely applied, isa powerful tool for
decipheringtheir palaeobiology, metabolism and taxonomicidentity.



The fossiliferous levels of the (approximately) 1.75 Ga McDermott
Formationstudied here were deposited in anoxic, shallow-marine-to-
evaporitic coastal environments based on sedimentology and trace
elements and mineralogical palaeoredox proxies*>*. Our study pro-
vides direct evidence for the presence of metabolically active cyano-
bacteria performing oxygenic photosynthesis. It implies that the
well-preserved microfossil record might capture low-concentration
or local or short-term oxygenation events that are difficult to detect
by geochemical proxies. Indeed, the detection limit of the latter, or the
lack of temporal and spatial resolution of the averaging sedimentary
record or balance between the biological source and sink of oxygen,
might impede the recognition of oxygen traces in the rock record.
Our approach thus offers a new, highly sensitive and complementary
redox proxy for probing micro-oxic oases on the early Earth, where
eukaryogenesis may have taken place close to oxygen-producing cyano-
bacteriaand where early eukaryotes diversified” %, Our study findings
also imply that ultrastructural analyses of early fossil protists might
show the presence of thylakoids enclosed in chloroplast and help to
constrain the timing of plast endosymbiosis and the early evolution
of eukaryotic algae.

The discovery of preserved thylakoids within N. majensis reported
here provides direct evidence for aminimum age of about 1.75 Ga for
the divergence between thylakoid-bearing and thylakoid-less cyano-
bacteria. By probing the older fossil record, it may also allow testing of
the hypothesis that the emergence of thylakoid membranes may have
contributed to therise in oxygen around the GOE, and to the permanent
oxygenation of the early Earth. We predict that similar ultrastructural
analyses of well-preserved microfossils might expand the geological
record of oxygenic photosynthesizers, and of early, weakly oxygenated
ecosystems in which complex cells developed.
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Methods

Sample preparation and extraction of microfossils

Fossil specimens were obtained from (1) the Kanshi SB13 drill core,
BIIC Formation, DRC (detailed log and geology in ref. 42; datings in
ref.41); (2) outcrop sample 15RAT-021A1, Grassy Bay Formation, Shaler
Supergroup, Canada (detailed log and geology in ref. 26); and (3) the
GSD7 core, McDermott Formation, Tawallah Group, Northern Terri-
tories, Australia (detailed log and geology in ref. 40). Microfossils of
N. majensis were extracted from their shale matrix following a proce-
dure modified from Grey®. This modified procedure avoids centrifuga-
tion that could damage microfossils. Rock samples were cleaned and
crushed before undergoing acid treatment. First, crushed samples
were bathed in HCI35% to remove carbonates thenina HF 60% bath to
removesilicates and finally in hot HCl to remove neoformed fluorides.
Organicresidues werefiltered and stored in Milli-Q water. These macer-
ates were then used to prepare samples for electron microscopy and
Raman microspectroscopy. All figuresin the manuscript were created
using Inkscape software 1.1.2.

TEM

Six isolated microfossils (two each from the Shaler and Mbuji-Mayi
Supergroups and the Tawallah Group) were pipetted under a Nikon
Eclipse Ts2 inverted microscope and then embedded in 1% agarose.
Agarose cubes containing microfossils were dehydrated in a graded
ethanol series of 70,90 and 100%. Following dehydratation, microfos-
sils were progressively included within Spi-Pon 812 resin (ARALDITE/
EMbed EMBEDDINGKIT, Mollenhauer Formula, catalogue no.13940).
Resininclusion started with two successive baths of propylene oxide,
followed by a bath in a mix of propylene oxide and Spi-Pon 812 resin
(1:1) and then a final bath in pure resin. Finally, microfossils in pure
resin were heated over 2 days at 60 °C. No difference was observed
betweenstained and unstained specimens. The resulting blocks were
cutinto transversal, ultrathin sections with an ultramicrotome Leica
EM UC7 and these were then deposited on formvar-covered copper
grids for observation. Samples were observed using a TEM Tecnai Spirit
T12 with avoltage of 120 kV (M41 Division of Nanoscopy, University of
Maastricht, The Netherlands).

Raman microspectroscopy

Three microfossils (one specimen from each geological formation)
were pipetted under a Nikon Eclipse Ts2 inverted microscope, depos-
itedon ZnSe plates and air-dried for 24 h. They were then analysed using
aRenishaw Invia Raman microspectrometer with an Air-ion-40 mW
monochromatic 514 nm laser source (Early Life Traces & Evolution-
Astrobiology Laboratory, University of Liége, Belgium). The laser was
focused using an objective of x100 to obtain a spot size of 1-2 um.
Spectra were acquired in static mode, enabling a range from 1 to
2,000 cm™withaspectral resolutionof4 cm™and centred at1,150 cm™.

Acquisitions were acquired at alaser power of 0.1%, anintegration time
of1sand usinga1,800 | mm2grating thatilluminates a charge-coupled
devicearray detector of1,040 x 256 pixels. Map spectrawere finally pro-
cessed with Renishaw Wire 4.2 software and RStudio 4.1.1software. The
thermal maturity of the kerogenous walls of specimens was estimated
using the Raman reflectance method previously described®. Basic
statistics (means ands.d.) were calculated using Microsoft Excel 2016.

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

Data availability

All raw data are deposited in ULiege institutional open archive ORBI
and canbe accessed at https://hdl.handle.net/2268/308458. The folder
‘morphometry’ contains a table with measurements of microfossil
lengths and widths; the folder ‘Raman_RawData’ contains raw maps;
the folder ‘Raman_TreatedData_Temperatures’ contains tables with
the treated data used to obtain temperatures (palaecothermometry -
Ramanreflectance T°C Rmc Ro); the folder ‘Raw_TEM_images’ contains
raw TEM images of microfossil ultrastructure with scales. All tables
arein.txt format.

60. Grey, K. Amodified palynological preparation technique for the extraction of large
Neoproterozoic acanthomorph acritarchs and other acid-insoluble microfossils. Western
Australia Geological Survey, Record 1999/10 (1999).
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Extended DataFig.1| TEM pictures of aspecimen of Navifusa majensis, from
the Grassy Bay Formation (Shaler Supergroup, Canada). Picturesa,cand d
show the width and limits of each layer interpreted as stacked thylakoidal
membranes that were measured. Measurements are compiled in Extended Data
Table1below. Picturebisazoom of thesection through the microfossil rounded

endina (blackbox). The parietalarrangementis clearly visible (dotted black
lines), as well as the variable thicknesses of stacked thylakoidal membranes, due
to merging of several thylakoids during burial, compression and diagenesis,
dotted yellow lines show possible limits of several layersin the ticker one. These
TEM pictures are from the same specimenillustrated in Fig. 2c,d; 3a,b.



Extended DataFig.2| TEM pictures of the second specimen of Navifusa
majensisfromthe Grassy Bay Formation (Shaler Supergroup, Canada).
Pictures aand b show some positions where thickness of layers were measured
and clearly illustrate the limits of each layer interpreted as stacked thylakoidal
membranes. Measures are summarized in the Extended Data Table 1below.
Picture c shows knife marks (dotted lines) creating artefacts onultrathin

sections. These knife marks are clearly distinguishable from limits of stacked
thylakoidallayers. Picture calso shows that onasame ultrathin section, the
limits between layers may be less clear, due to merging during burialand
compression. n=2 N. majensis for Grassy Bay Formation. “n” represents the
number of specimens observed by TEM.
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Extended DataFig. 3| TEM picture of aspecimen of Navifusamajensis from are compiledin table S4 below. n =2 N. majensisfor McDermott Formation.
the McDermott Formation (Tawallah Group, Australia). This picture shows “n” represents the number of specimens observed by TEM.
the positions where the thylakoidal membranes are measured. Measurements
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Extended DataFig. 4 |Schematic drawings showing how compressed microfossil. Thelength of the ultrathinsectioninb correspondsto the width of
microfossils were cut transversally for TEM observations. arepresentsa the microfossil (red linein aand b), while the thickness of the ultrathin section

whole flattened specimen of Navifusa majensis, with transversal sectionshown  correspondsto the thickness of the compressed microfossil (Tinaandb).
(blackline).brepresents atransversal TEMultrathinsectionthroughthe L:length of the whole microfossil; W: width; T: thickness.
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Extended Data Table 1| Measurements of thickness of layers interpreted as stacked thylakoids in Navifusa majensis from
both Shaler Supergroup (Extended Data Figs. 1and 2) and Tawallah Group (Extended Data Fig. 3)

Extended Data

Figures 1a 1c 1d 2a 2b 3
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(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance The microfossil material come from the collections of the Early Life Traces & Evolution-Astrobiology lab (UR Astrobiology-ULiege)
and the taxonomy was described in taxonomy papers on fossil assemblages from DRC (Baludikay et al 2016; drill core samples from
Royal Museum for Central Africa (Tervuren, Belgium)) and Arctic Canada (Loron et al 2019), and from an ongoing study (Javaux in
prep) for the material from Australia (samples obtained from Darwin drill core collection) -see draft

Specimen deposition The fossil material is part of the senior author (EJJ)'s collection at Early Life Traces & Evolution-Astrobiology lab (UR Astrobiology,
ULiege) since 2013 (DRC), 2018 (CAN), 2017 (AU)

Dating methods no new dates are provided
|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight no ethical approval was required because the fossil material has been part of the senior author (EJJ)'s collection at Early Life Traces &
Evolution-Astrobiology Lab at ULiege (EJJ)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall




numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[ ] Public health

[] National security
[] cropsand/or livestock
|:| Ecosystems

XXX X X &

|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
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was applied.
Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.
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Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and

lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.




Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ Jused [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ ] Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)
Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
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Graph analysis subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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