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Intracellular bound chlorophyll residues identify
1 Gyr-old fossils as eukaryotic algae
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The acquisition of photosynthesis is a fundamental step in the evolution of eukaryotes.
However, few phototrophic organisms are unambiguously recognized in the Precambrian
record. The in situ detection of metabolic byproducts in individual microfossils is the key for
the direct identification of their metabolisms. Here, we report a new integrative methodology
using synchrotron-based X-ray fluorescence and absorption. We evidence bound nickel-
geoporphyrins moieties in low-grade metamorphic rocks, preserved in situ within cells of a
~1 Gyr-old multicellular eukaryote, Arctacellularia tetragonala. We identify these moieties as
chlorophyll derivatives, indicating that A. tetragonala was a phototrophic eukaryote, one of
the first unambiguous algae. This new approach, applicable to overmature rocks, creates a
strong new proxy to understand the evolution of phototrophy and diversification of early
ecosystems.
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etecting metabolic byproducts in situ in individual

microfossils is the key for direct identification of their

metabolisms, but up to now, has remained elusive.
Among these molecules, tetrapyrroles, such as chlorophylls and
hemes, are essential constituents of cellular metabolisms.
Whereas these molecules commonly degrade in the early phases
of burial and diagenesis!, they may transform into geoporphyrins
under favorable conditions. Geoporphyrins are common in
bulk solvent extracts of Phanerozoic sedimentary rocks but
exceedingly rare in the Precambrian. The oldest unambiguous
occurrence dates back to ~1 billion years (Gyrs)2. However,
current approaches do not allow the association of the detected
porphyrins to individual fossils. In addition, such analyses
cannot be performed on overmature rocks because even rela-
tively mild thermal alteration around 200°C is incompatible
with the preservation of free biomarkers*. Here, we report
bound nickel-tetrapyrrole moieties in low-grade metamorphic
rocks, preserved in situ within cells of Arctacellularia tetra-
gonala, a ~1 Gyr-old multicellular eukaryote from the Congo
basin. Combining morphological, chemical, and ultrastructural
analyses with synchrotron-based X-ray Fluorescence (SR-XRF)
and X-ray Absorption Spectroscopy (SR-XAS), we identify the
tetrapyrrole moieties as chlorophyll derivatives, and A. tetra-
gonala as one of the earliest multicellular algae. This new
methodology, applicable to billion-of-year old, overmature
rocks, provides new constraints on the evolution of eukaryotic
phototrophy during the Precambrian and the diversification of
primary producers in early ecosystems.

We report specific Ni-enrichment in the condensed cytoplasm
of cells within several specimens of the organic-walled microfossil
A. tetragonala. The fossils are preserved as carbonaceous com-
pressions in shales from the shallow marine BII Group in the
Mbuji-Mayi Supergroup (Congo Basin, the Democratic Republic
of the Congo, Supplementary Information, Supplementary Figs. 1,
2). This sedimentary succession is constrained between 950 and
1030 Ma>. Recent Raman geothermometry analyses of the Mbuji-
Mayi Supergroup showed that it underwent low-grade meta-
morphism with a maximal burial temperature of ~200 °C°. While
far above the oil window and thus possible preservation of bio-
markers, previous paleontological investigation of the BII Group
reported a large diversity of exquisitely preserved organic-walled
microfossils including A. tetragonala, comprising 11 unambiguous
eukaryotes, 10 possible eukaryotes, and 28 probable prokaryotes’.

Results

Morphology and ultrastructure of A. tetragonala. A. tetragonala
is ubiquitously found in coeval sedimentary deposits from the
Late Mesoproterozoic to early Neoproterozoic from Siberia,
Canada, West and Central Africa, China, and India e.g., ref. 7 (for
review see Supplementary Table 1). A. tetragonala is a readily
identifiable microfossil, consisting of unsheathed chains (fila-
ments) of barrel-shaped cells, with deep constrictions between the
cells and terminal lanceolate folds at cell ends (Fig. 1 and Sup-
plementary Fig. 2). In the Mbuji-Mayi population we studied
(n =56, Supplementary Fig. 2), fragments of uniseriate filaments
(1 to 25 cells) may reach up to 550 um in length. Cells within
these filaments have a similar width (25-45pum) but variable
length (15-100 um). A. tetragonala specimens from the Mbuji-
Mayi Supergroup also display a high number of intracellular
inclusions (ICI) (Fig. 1b, d, h, i). These structures are organic and
show the same thermal maturity as the surrounding walls (Sup-
plementary Fig. 3 and Supplementary Table 2). In addition, these
intracellular structures have a greater thickness than the sur-
rounding material, and their shapes, size, and flattening plan
reflect the ones of the surrounding cells. These characteristics

indicate that these ICIs, although taphonomically modified,
are syngenetic with the fossils and existed before the
diagenetic compaction of the fossils®. ICIs are common features
in shale-hosted assemblages throughout the Proterozoic and the
Phanerozoic”-?-1%, Despite an intense debate that occurred since
their first description in Proterozoic microfossils??, a consensus
on their biologically derived nature has been reached for organic-
walled microfossils in shales®21. These ICIs are interpreted as
condensed cellular material remains (cytoplasm, organelles, and
nuclei), because, unlike fossil nuclei, they display an elongated
shape following the cells’ long axis®?2. They thus represent key
constituents to investigate possible metabolic traces of these
fossils. In the population we studied, the presence of long cells (up
to 100 um, Supplementary Fig. 2) with long ICI within multi-
cellular filaments (Figs. 2, 3 and Supplementary Fig. 2) suggests
that A. tetragonala had a siphonocladous (multicellular multi-
nucleate) organization?3, Some cells may show cross walls evi-
dencing an intercalary division pattern (Figs. 1i, 2a). We also
report newly discovered branching patterns in specimens of the
Mbuji-Mayi population that were previously unknown for this
taxon (Fig.1 and Supplementary Fig. 2). The branching is
dichotomous, with equal-diameter branches originating from a
nodal cell that is generally larger than the cells within branches
(sometimes much larger, Fig. 1c). The nodal cells are rarely
preserved (1 to 2 for every 20 specimens), whereas single bran-
ches are more common. In some specimens, the three branches
are still attached in a Y shape (Fig. 1c, f), suggesting the central
nodal cell is not a holdfast structure. We interpret this branching
as a true branching system, as opposed to false branching
occurring in some sheathed cyanobacteria or algae where cell
rows are not connected. These new observations do not justify at
this stage the description of a new species since our specimens
might represent more complete fragments of the same taxon
reported in other successions.

The presence of inward and outward thick lanceolate folds due
to compression and the absence of sinuous folds on the fossil
surface suggests that the cell walls were flexible but semi-rigid
(Supplementary Fig. 4). Scanning electron microscopy images in
secondary electrons show smooth and unornamented external and
internal walls (Supplementary Fig. 4). Ultrastructural analyses by
transmission electron microscopy reveal that the cell walls are
bilayered, 100-nm-thick, with an electron-dense thin outer layer
and a thick electron-lucent inner layer (Supplementary Fig. 5).

Previously, A. tetragonala has been tentatively interpreted as
heterocyte or akinete of cyanobacterial genus Gloeotrichia spp.2*
and as spores of ascomycete Fractisporonites?®. The combination
of a complex morphology comprising true dichotomous branch-
ing, node cells, multilayered walls, and large coenocytic cells
within multicellular filaments indicates that A. tetragonala was
eukaryotic, as such combination of characters is unknown in
prokaryotes?®-28, Based on these observations, the hypothesis of
a Gloetrichia-like cyanobacteria?® is precluded. Conversely, a
branching multicellular filamentous morphology is known in
various clades of planktonic and benthic algae within the
Stramenopiles and the Archaeplastida’® (Rhodophyta and Chlor-
oplastida). An ascomycetan affinity2° cannot be excluded based on
morphological features alone. However, no branching has been
reported for Fractisporonites’!. Belonging to other ascomycetes is
also dubious because spores are usually comprised within an

ascus, an outer sheath, which is not observed in our specimens32.

Evidence of preservation of Ni-tetrapyrrole moieties in A. fet-
ragonala. To test the biological affinity of A. tetragonala,
we performed synchrotron radiation-based X-ray fluorescence
(SR-uXRF) on 15 extracted specimens (163 cells in total). We
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Fig. 1 Microphotographs of A. tetragonala specimens. a-g Branched specimens with node cell, equal-diameter branches, lanceolate folds (If), and
intracellular inclusions (ICI). h, i Uniseriate filaments of the microfossils j, Sketch of A. tetragonala, displaying the main features of the microfossil. Black

stars correspond to specimens that have been analysed by SR-pXRF.

show that main metals (Fe, Ni, +Cu, +Zn, +Ca, and *S) and some
minor trace elements (Ti, V, Mn, Cr) are distributed homo-
geneously in the microfossil walls with a higher concentration in
the folds and at the edges of the microfossils due to the sub-
stantial thickness of these zones (Fig. 2 and Supplementary
Figs. 6-18). Potassium is predominantly associated with small,
squared fluorides (Fig. 2, fl.), neo-formed during drying of the
storing solution after demineralization. Calcium is always found
in these fluorides, and Fe, Ni, Cu, and Zn are occasionally present.
Metals can also form small hotspots attached to the microfossil
surfaces, possibly in oxides or sulfides (Fig. 2 and Supplementary
Figs. 6-18, s.).

The ICIs are specifically enriched in Ni compared to the walls
(1.5 to 17 times more Ni in the ICIs than in the walls,
Supplementary Table 2) whereas Ni in the walls shows the same
distribution patterns than other metals. The Ni-rich ICIs show a
limited presence of Fe (Fig. 2). Within different cells of a single
fossil fragment, ICIs display different Ni and Fe concentrations.

Some ICIs can be iron-free while other display various Fe
enrichment (e.g. Supplementary Fig. 10). High-resolution SR-
UXRF shows that when Fe is present, it is not directly associated
with Ni but forms small nuggets randomly distributed in the
ICI (Fig. 2j). On the contrary, Ni is widely and homogeneously
distributed within the ICI.

The origin of Ni in the ICIs could have been endogenic or
exogenic. Ni is little used by eukaryotes except by fungi and some
plants, which require Ni for their nitrogen cycle®3. Nickel is
transported to sediments by complexation and sedimentation
with organic material before being freed in the pore waters during
the remineralization of organic material. When in pore waters, Ni
becomes available for Ni-sulfide precipitation or for passive
diffusion within the organic material>*3>. The proportion of each
phase is controlled by the environmental conditions prevailing,
with the formation of Ni-sulfide precipitation enhanced by
sulphidic conditions and the incorporation within the organic
fraction enhanced in non-sulphidic, anoxic conditions>. Raman

NATURE COMMUNICATIONS | (2022)13:146 | https://doi.org/10.1038/s41467-021-27810-7 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27810-7

50 ym

Ni O g 116

2 Fe O mmme 120 1S

Fig. 2 Nickel-specific enrichment in intracellular inclusions. a, g Microphotographs of the studied specimen. b-f Fe and Ni SR-uXRF maps obtained at SLS
(b, ¢ pixel: Tum, 200 ms/px), at SS (d, e pixel: 400 nm, 100 ms/px) and, the associate composite image (f, R: Fe, B: Ni). These maps show a specific

enrichment of Ni uncorrelated of Fe in the intracellular inclusions (ICI) while the walls appear homogeneously enriched in Fe and Ni. h-j Fe and Ni SR-uXRF
maps obtained at SLS (h, i pixel: Tpm, 1s/px) and the associated composite image (j, R: Fe, B: Ni). These maps show that some ICls can also be enriched in
Fe, but that Fe is present as small hotspots in the ICI while Ni is mainly homogeneously distributed. Color scales correspond to normalized counts. (s.) is for

sulfides and (fl.) is for fluorides attached to the surface of the fossils.

spectra do not evidence mineral phases associated with the ICIs
(Supplementary Fig. 3) and the Linear Combination Fitting (LCF)
of the Ni K-edge XANES spectra exclude a percentage above a
few percent of inorganic Ni in the ICIs (Fig. 3, Supplementary
Information, Supplementary Fig. 18, and Supplementary Table 3).
The Ni K-edge XANES spectra obtained on the ICIs are
characterized by a small pre-edge peak at ~8333 eV (A, Fig. 3d),
a shouldering at ~8339 eV (B, Fig. 3d), and two peaks at ~8350
and ~8358eV on the principal edge (C-D, Fig. 3d) while
inorganic Ni (NiO, Ni(OH),, NiCO3, NiSO4(H,0)¢_;) reference
spectra exhibit a strong narrow white band feature centered
between 8348 and 8352 eV (Fig. 3 and Supplementary Fig. 18).
This suggests that the Ni is associated with organic compounds in
A. tetragonala ICls and that diagenesis took place in anoxic, non-
sulphidic conditions. Such preservation conditions are also
supported by iron speciation data for shales from the Kanshi
drillcore3°.

The specific association and enrichment of Ni with the ICIs of
A. tetragonala suggests that the Ni is bound to ligands that
strongly and specifically bind Ni. These ligands largely originated
in the cytoplasm (Fig. 2). Naturally occurring, organic Ni-
complexes exist as mixed-ligand tetradentates, humate com-
plexes, and tetrapyrrole complexes*. Mixed-ligand tetradentate
and humate complexes can be excluded as they have relatively
low affinities to Ni and are unlikely to persist in sedimentary

environments®*. By contrast, tetrapyrrole complexes, such as
porphyrins, have extremely strong Ni-chelating properties
and high stabilities, persisting in geological environments for
hundreds of millions of years»34. In fact, the high affinity of
tetrapyrroles to bivalent Ni and V appears to be the primary
controlling factor for the accumulation of these elements in
sedimentary environments and petroleum34. While iron, copper,
and zinc-porphyrins are also occasionally recovered from
petroleum e.g., ref. 37:38, these complexes are significantly less
stable?4, potentially explaining the low abundance of these metals
in the ICIs.

The accumulation of Ni in A. tetragonala within tetrapyrrole
complexes is confirmed by XANES data. The overall spectral
shape and the positions of the A, B, C, and D bands are
congruent with Ni(II) in porphyrinic square-pyramidal N
coordination as observed in Ni-porphyrin standards such as
Ni-octaethyl porphyrin [NiOEP] and Ni-tetraphenyl porphyrin
[NiTPP]3? (Fig. 3d). This is also supported by the LCF, which
estimates that more than 90% of the total Ni is in this
coordination (Fig. 3d, Supplementary Fig. 18, and Supplemen-
tary Table 3). By contrast, the spectra are inconsistent with Ni
atoms randomly occupying vacancies in graphitic carbon?0,
humates ligands*!, and with nickel coordinated in NiN,O,
NiN,S, and NiN; complexes*2. When compared to free
porphyrins, the XANES spectra of Ni in the ICIs show a
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Fig. 3 Presence of tetrapyrrole moieties highlighted by XANES analyses
on intracellular inclusions. a Microphotograph of the studied specimens.
b, ¢ Fe and Ni SR-uXRF maps obtained at SLS (pixel: 1.5 pm, 200 ms/px)
showing the enrichment in Ni and Fe of the intracellular inclusions (ICl).
Color scales correspond to normalized counts. d XANES spectra at the
Ni K-edge of 4 ICls performed in zones with low Fe content (gray
circles) and their linear combination fitting (red lines) and XANES
spectra of two Ni-porphyrin (NiTPP: Ni(ll)-tetraphenylporphine, NiOEP:
Ni(I)-octaethylporphine)43, asphaltene#4, and NiO standards. The
shoulder and the spectral line shape are typical of Ni in coordination
(IV) in bound Ni-porphyrinic species. Differences between the fitted
spectra and the data come from the molecular heterogeneities between
the standards used for the fitting and the incorporated tetrapyrroles
moieties in the kerogen.

broadening of some spectral features and minor differences
in relative intensities and shouldering positions (Fig. 3d).
Such variations have been attributed to the distortion of
the coordination of Ni(II) in porphyrins that are bound
into a macromolecular network, as observed for example in
asphaltenes3?4344, Notably, the typical XANES spectra of
covalently bound tetrapyrrole complexes are conserved in
coking residues of bitumen that have been heated to tempera-
tures as high as 480 to 565 °C*3, attesting to their extraordinary
thermal stability and explaining the preservation of Ni-
tetrapyrrole moieties in billion-year-old fossils that experienced
prehnite-pumpellyite facies metamorphism.

Origin of the Ni-tetrapyrrole moieties. As Ni-tetrapyrrole are
common molecules in Phanerozoic petroleum and can be found
up to 1.1 Ga? it is important to assess the syngenicity of the
tetrapyrrole recovered in the microfossils. Oil migration from a
late Neoproterozoic/Early Paleozoic active petroleum system has
been observed in the Sankuru-Mbuji-Mayi-Lomami-Lovoy*> and
is thought to have occurred during the Cambrian-Ordovician. As
a result of this late oil migration, solid asphaltites have been
reported in the BIIc dolomites in cracks and as inclusions.
However, our Raman spectra indicate that the ICIs experienced
the same thermal maturation than the walls (Supplementary
Fig. 4 and Supplementary Table 2). In addition, the only reported
Raman spectrum by ref. 4> on these asphaltites shows a less
mature signature than the kerogen in KN 22 and KN23%°. This
excludes contamination of the ICIs during the oil migration
episode. Synsedimentary bitumen were also reported in the
Mbuji-Mayi shales but are not associated with the microfossils®,
as observed, for instance, in the Gunflint chert microfossils#°,
where bitumen fills the silicified microfossils preserved in 3D. The
context of deposition and preservation in shales (carbonaceous
fossils compressed in 2D parallel to the bedding with continuous
walls) is indeed less favorable for bitumen migration than in chert
where the bitumen migrates through the silicifying microfossils
and fills semi-hollow molds#0. Moreover, the distribution of ICI
relative to the fossils is non-random, on the contrary to migrating
oil. The presence of a single ICI inside cells (only 1 per cell), their
absence on the outer fossil walls, their nearly constant shape,
and their occurrence in only a few species in the assemblage
(including A. tetragonala’), and not all specimens of these spe-
cies, exclude a bitumen origin. In A. tetragonala, the tetrapyrrole
moieties are specifically associated with the ICIs and not with the
walls (either from ICI-containing or empty cell walls) as showed
by the Ni distribution in the cells. As these ICIs are considered
structures forming before or during burial®, the Ni-tetrapyrrole
moieties are syngenetic with these ICIs, originating from the
living organisms and not from late contamination during oil
migration.

Ni-porphyrins are the diagenetic products of biological
tetrapyrroles, predominantly chlorophylls and hemes3447, Tetra-
pyrroles are pivotal constituents of the cell metabolism in all three
domains of life*8. Hemes are involved as redox center in electron
transport chains, as a cofactor of numerous proteins but also in
regulatory processes as sensors*®. In phototrophs, chlorophylls
are the main photosynthetic pigments and represent most of the
tetrapyrroles present in the cells*. In algae, the concentration of
chlorophyll**->1 can be extremely high, reaching between 1.6 and
17mM (Supplementary Table 5). By contrast, cellular heme
concentrations in algae are commonly 200 to 400 times lower
than chlorophylls*’, ranging between 4 and 72 uM. Cellular heme
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concentrations in yeast are lower yet®?->4 ranging between
0.5 and 5uM (Supplementary Table 5). Based on SR-XRF
mapping, we estimated Ni concentrations in the ICIs between 13
and 23 ng cm 2, corresponding to minimal cellular tetrapyrrole
concentrations between 25 and 43 uM (Supplementary Table 6).
The tetrapyrrole abundances in fossil A. tetragonala cells thus
exceed the concentration of heme in living yeast®?=>* (Supple-
mentary Tables 5, 6), excluding a fungal affinity. By contrast,
considering a likely order of magnitude loss of pigments during
diagenesis and metamorphism!, the computed tetrapyrrole
concentrations compare favorably with the tetrapyrrole heme
+chlorophyll content of algae**->! (Supplementary Tables 5, 6).
The combined fossil and tetrapyrrole evidence thus suggests that
A. tetragonala was a photosynthetic eukaryote, a multicellular
branching alga member of the Archaeplastida (Supplementary
Information), an affiliation consistent with most molecular clock
estimates and the fossil record e.g., refs. >>-60,

While free porphyrins are only preserved in thermally
exceptionally well-preserved bitumens and are extremely rare
in the Precambrian, XANES of metal-bound molecules within
fossil cells offers a new methodology that can reveal degraded
porphyrins in organic matter metamorphosed to prehnite-
pumpellyite facies. This approach offers the possibility to track
porphyrins, and thus phototrophy, much further back in time,
perhaps even into the Archean. Indeed, the ability of XANES to
detect tetrapyrrole structures bound to insoluble organic matter
reduces the risk of contamination and allows the assignment of
bound porphyrin derivatives to individual microfossils. ICIs are
common in a large variety of prokaryotic and eukaryotic
microfossils, and our results demonstrate that in situ detection
of key metabolism byproducts should be possible in ICIs within
low-grade metamorphic rocks, providing a new complementary
approach to decipher the biological identity of individual,
enigmatic microfossils, and opening a new window into early
Earth ecosystems.

Methods

Sample preparation—Extraction of microfossils. The Arctacellularia micro-
fossils were extracted from shales following a modified preparation procedure
described by (°1), avoiding centrifugation and mechanical shocks that could
damage the fossilized forms and oxidation that could alter the kerogenous wall
chemistry and color. After cleaning, the samples were crushed in a mortar. Car-
bonates were removed by hydrochloric acid (HCI, 35%) and silicates by hydro-
fluoric acid (HF, 60%). Neo-formed fluorides were removed by hot HCL. The
organic fraction was filtered by hand. Extracted kerogen was stored in millipore
water. Fifty-six specimens of A. tetragonala were studied here, 43 with optical
microscopy, 15 with SR-uXRF, 1 with Raman spectroscopy, 7 with SEM, and 1
with TEM.

Scanning electron microscopy (SEM). Before the experiment, microfossils were
pipetted under an inverted microscope and deposited on a silicon wafer, and air-
dried. SEM images were collected at the Centre commun de microscopie de Lille
(Unité Matériaux et Transformations, University of Lille, France) on carbon coated
microfossils in second electron mode using a JEOL JSM-7800F LV (JEOL). Ana-
Iytical conditions were 5 kV-accelerating voltage, low current, and a 10.1 mm
working distance.

Transmission electron microscopy (TEM). To characterize their ultrastructure,
extracted microfossils were embedded in agarose (1%) before being progressively
dehydrated in gradual series of ethanol baths (30, 50, 70, 90, and 100%) and
gradually impregnated with hard grade LR white resin. Ultrathin sections were
made at the CAREM-University of Liege (Center for Applied for Research and
Education in Microscopy) with a Reichert Ultracut E ultramicrotome using a
diamond knife and mounted on Formvar-coated copper grids (400 mesh).
Observations were performed on a TEM FEI TITAN THEMIS 300 (Centre com-
mun de microscopie de Lille (Unité Matériaux et Transformations, University of
Lille, France) working at 300 kV-accelerating voltage and on a TEM/STEM Tecnai
G2 Twin (CAREM-Uli¢ge) working at 200 kV-accelerating voltage.

Synchrotron radiation X-ray microfluorescence (SR-uXRF). Before the experi-
ment, microfossils were pipetted under an inverted microscope and dropped on

silicon nitride (SizN,) windows. The windows were air-dried. The distribution of
metals was characterized by SR-uXRF during two beamtimes at the Swiss Light
Source (SLS; microXAS-X05LA beamline, Villigen, Switzerland) and during two
beamtimes at the Synchrotron Soleil (SS; Nanoscopium beamline, Gif-sur-Yvette,
France). During the first experiment at SLS (May 2018), maps were acquired with a
1 pum? spatial resolution. Two acquisition modes were used, the Stop-and-Go mode
where a full XRF spectrum is acquired for each pixel, and the On-the-Fly mode
were maps for each element correspond to the integration of the counts in the pre-
defined Region of Interest (ROI). The 16.2 keV excitation energy allowed the
detection of elements between Si and Sr (K lines) and Ba and Bi (L lines). During
the second experiment at SLS (May 2019), the maps were acquired with the same
experimental conditions but with an 8.4 keV excitation energy. This allowed the
detection of elements between Si and Ni (K lines). For both experiments at SS (July
2018, May 2019), the maps were acquired with pixels between 300 and 500 nm*
and with a 16.1 keV excitation energy, allowing the detection of elements between
Si and Rb (K lines) and between Ba and Pb (L lines).

Spectral intensities were normalized by argon counts recorded for each pixel to
prevent the variation of concentration to be linked with a variation of the incoming
photon flux. We were thus able to compare spectra and distribution maps acquired
on both synchrotrons (i.e., using different detectors and experimental setups). XRF
spectra were treated with PyMca and Matlab software. Ni/Fe ratios in walls and in
ICIs were obtained by calculating the ratio of the peak areas of each considered
element, after normalizing the sumspectra of subzones in the map by the total
integration time of each map (time of analysis per pixel*number of pixel per
map)©2.

X-ray absorption spectroscopy. X-ray Absorption Near-Edge Structure (XANES)
Spectroscopy was performed at the Swiss Light Source on the microXAS-X05LA
beamline (May 2019). The incident X-ray energy was selected using a Si (1 1 1)
double crystal monochromator. The beamspot size was focused to ~1 pm. Analyses
were performed punctually on the Ni-rich spot identified with SR-XRF mapping.
Replicate spectra (n =4 to 6) for each analysis point were collected in fluorescence
mode by recording the Ni Ka (8.33 keV) and tuning the monochromator energy
from 8.31 to 8.42 keV. Energy calibration was performed with respect to the K-edge
of a Nickel (0) foil (8333 keV). Replicate transmission XANES spectra for reference
compounds (Ni(OH),, NiO, NiCO3, NiSO4(H,0)s.;) were also recorded. Ni-
porphyrin standards for Ni-octaethyl porphyrin (NiOEP), Ni-tetraphenyl por-
phyrin (NiTPP), and asphaltene standard were taken from (43, 44). Energy cali-
bration, pre-edge background subtraction, and post-edge normalization were
performed prior to linear combination fitting (LCF) with the Athena® software®3.
The fitting range ranged from —20 to 4-20 eV relative to the theoretical Ni K-edge
energy. LCF was performed with no constrained individual component weights nor
their weight sum following (43). The assessment of the quality of the fitting was
done by looking at the smallest R-factor and the combination of components.
Results of the LCF can be found in Fig. 3, Supplementary Fig. 18, and Supple-
mentary Table 3.

Estimation of minimum tetrapyrrole concentrations in living A. tetragonala
cells. To constrain the origin of the tetrapyrrole moieties preserved in the
microfossils, we computed the concentration of tetrapyrrole from the Ni area
densities measured in the Ni SR-XRF distribution maps in the A. tetragonala from
Fig. 3. We considered that each Ni atom in the collapsed ICI of the fossil cells
corresponds to one tetrapyrrole moiety. Parameters and results of the calculation
can be found in Supplementary Table 3. The computed cellular tetrapyrrole con-
centrations in the fossils are minima because the original pigments were pre-
sumably attenuated by one or two orders of magnitude during diagenesis and
metamorphism. Taking such loss into account, we compare these tetrapyrrole
estimates to heme and chlorophyll concentrations in algae and fungi from the
literature (Supplementary Tables 4 and 5).

To compute tetrapyrrole concentration from Ni abundance, we considered the
four ICIs where the XANES analysis was performed in Fig. 3. The first step was to
estimate the Ni area density for each considered ICIs. For that, we calculated the
mean Ni count rates in the ICIs from the Ni SR-XRF distribution map
(Supplementary Table 3). Applying identical experimental conditions when
acquiring the SR-XRF maps in May 2019 at SLS, we performed measurements on a
nickel calibration foil with a known area density of 2.32 pg cm™ and obtained a
signal intensity of 28,000 counts per second. By comparing this standard to the
mean count rates obtained for the considered ICIs, ranging from 156 to 278 counts
per second, we obtained Ni area densities ranging from 13 to 23 ngcm™2
(Supplementary Table 3).

From the area density of nickel in the ICIL, it is then possible to compute the
mass of nickel and then its number of mole in a single cell, considering that the
projected area of the ICI corresponds to 10% of the projected area of the cell.
Following Eq. (1), we obtain a mass of nickel per cell between 0.97 10~14 and 4.6
104 g (Supplementary Table 3), corresponding to a number of mole between 1.7
1016 and 7.9 1071 mol (Eq. (2), Supplementary Table 3).

my; = (ADyi)c;-0-14, (©)

With my; the calculated mass of nickel, (ADy;)icr the area density of nickel in the
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ICL, and A, the projected area of the cell

my;i
ny; = My (2)
1

With ny; the number of mole of Ni, my; the calculated mass of nickel, and My the
molar mass of Ni (58.69 g mol~1).

We then estimated the volume of A. tetragonala cells, considering that A.
tetragonala cells were cylindrical. As cells undergo a flattening during fossilization,
their apparent radii increase while their lengths stay the same®*. Therefore, to
obtain the volume of the living cell, we need to apply a morphometric correction
factor to the measured radii (R,,,) as for cylindrical-septate filaments®* following
the Eq. (3). The volume of the living cell can then be calculated with the Eq. (4):

2
R, =" R, ~064R, 3)

with R, the corrected radius, R, the measured radius

Vg = LR? (4)

cell
with Vi the calculated volume of the living cell, L the measured length of the cell,
R. the corrected radius.

From the estimated volumes (Supplementary Table 4), we infer a minimum
cellular tetrapyrrole concentration of 25 to 43 uM (Supplementary Table 4) (5).

= Cuampyate = 7 )

CN' tetrapyrolle Vv "
ce

With Cy; the molar concentration of Ni equivalent to Cietrapyrrole #n1 the molar
concentration of tetrapyrrole and Vi the volume of the considered cell.

The minimum concentration of tetrapyrroles of 25 to 43 uM preserved in the
fossil cells are higher by a factor of 10 to 100 to those detected in living yeast®2->4
(0.5-5 uM; Supplementary Table 5), making fungal heme an unlikely source for the
Ni tetrapyrroles moieties in the fossils. However, considering that the bulk of the
tetrapyrroles must have decayed after cell death and during burial and
metamorphism34, the values are in agreement with chlorophyll concentration
found in modern green algae**-5! (1.6 to 17 mM, Supplementary Table 5). The
differences between our fossils and fresh algal cells might result from the loss of
biomolecules during diagenesis.

Raman spectroscopy. The mineralogy of the sample and the kerogen thermal
maturity were investigated by Raman spectroscopy at the University of Liege
(Early life Traces & Evolution—Astrobiology Laboratory, Belgium). Raman
spectra were collected on polished freestanding thin section and on freestanding
extracted microfossils deposited on ZnSe plates using a Renishaw Invia Raman
microspectrometer with an Ar-ion-40 mW monochromatic 514 nm laser source.
The laser excitation was focused through a 100 x objective to obtain a 1-2 um
spot size. To limit the damages on the microfossils, spectra were acquired with a
laser power lower than or equal to 10% and an integration time of 10x1s.
Acquisitions were obtained with a 1800 1/mm grating illuminating 1040 x 256
pixel CCD array detector. Spectra were acquired in static mode fixed at 1150 cm
~1, allowing a 2000 cm~1 detection range and a 1 cm~! spectral resolution. Beam
centering and Raman spectra calibration were performed daily on a Si-glass with
a characteristic Si-band at 520.4 cm™. Spectra were processed with Wire 4.2°
software (Renishaw). Details on the acquisition parameters, data treatment, and
geothermometry can be found in ref. ©. To assess correctly the nature and the
syngenicity of ICIs, spectra were acquired on the fossil walls and the ICIs.

Data availability

The authors declare that data supporting the findings of this study are available within
the paper and its supplementary information files. The fossil material is stored in the
collections of the Early Life Traces & Evolution—Astrobiology Laboratory, University of
Liege, Belgium. Correspondence and requests for materials should be addressed to M.C.S.
(mcsforna@uliege.be) or E.JJ. (ejjavaux@uliege.be).

Received: 21 May 2021; Accepted: 3 December 2021;
Published online: 10 January 2022

References

1. Leavitt, P. R. A review of factors that regulate carotenoid and
chlorophyll deposition and fossil pigment abundance. J. Paleolimnol. 9,
109-127 (1993).

2. Gueneli, N. et al. 1.1-Billion-year-old porphyrins establish a marine ecosystem
dominated by bacterial primary producers. Proc. Natl Acad. Sci. USA 115,
E6978-E6986 (2018).

3. French, K. L. et al. Reappraisal of hydrocarbon biomarkers in Archean rocks.
Proc. Natl Acad. Sci. USA 112, 5915-5920 (2015).

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

Vinnichenko, G., Jarrett, A. J. M., Hope, J. M. & Brocks, J. J. Discovery of the
oldest known biomarkers provides evidence for phototrophic bacteria in the
1.73 Ga Wollogorang Formation, Australia. Geobiology 18, 544-559 (2020).
Frangois, C. et al. Contributions of U-Th-Pb dating on the diagenesis and
sediment sources of the lower group (BI) of the Mbuji-Mayi Supergroup
(Democratic Republic of Congo). Precambrian Res. 298, 202-219 (2017).
Baludikay, B. K. et al. Raman microspectroscopy, bitumen reflectance and illite
crystallinity scale: comparison of different geothermometry methods on
fossiliferous Proterozoic sedimentary basins (DR Congo, Mauritania and
Australia. Int. J. Coal Geol. 191, 80-94 (2018).

Baludikay, B. K., Storme, J. Y., Frangois, C., Baudet, D. & Javaux, E. J. A
diverse and exquisitely preserved organic-walled microfossil assemblage from
the Meso-Neoproterozoic Mbuji-Mayi Supergroup (Democratic Republic of
Congo) and implications for Proterozoic biostratigraphy. Precambrian Res.
281, 166-184 (2016).

Pang, K. et al. The nature and origin of nucleus-like intracellular inclusions in
Paleoproterozoic eukaryote microfossils. Geobiology 11, 499-510 (2013).
Adam, Z. R., Skidmore, M. L., Mogk, D. W. & Butterfield, N. J. A Laurentian
record of the earliest fossil eukaryotes. Geology 45, 387-390 (2017).

Tang, Q. et al. Organic-walled microfossils from the early Neoproterozoic
Liulaobei Formation in the Huainan region of North China and their
biostratigraphic significance. Precambrian Res. 236, 157-181 (2013).

Krings, M. Stigonema (Nostocales, Cyanobacteria) in the Rhynie chert (Lower
Devonian, Scotland). Rev. Palaeobot. Palynol. 295, 104505 (2021).

Agi¢, H., Moczydlowska, M. & Yin, L. Diversity of organic-walled microfossils
from the early Mesoproterozoic Ruyang Group, North China Craton - A
window into the early eukaryote evolution. Precambrian Res. 297, 101-130
(2017).

Beghin, J. et al. Microfossils from the late Mesoproterozoic — early
Neoproterozoic Atar/El Mreiti Group, Taoudeni Basin, Mauritania,
northwestern Africa. Precambrian Res. 291, 63-82 (2017).

Butterfield, N. J., Knoll, A. H. & Sweet, K. Paleobiology of the Neoproterowic
Svanbergfjellet formation, Spitsbergen. Foss. Strat. 34, (1994).

Leiming, Y., Xunlai, Y., Fanwei, M. & Jie, H. Protists of the upper
Mesoproterozoic Ruyang Group in Shanxi Province, China. Precambrian Res.
141, 49-66 (2005).

Loron, C. & Moczydtowska, M. Tonian (Neoproterozoic) eukaryotic and
prokaryotic organic-walled microfossils from the upper Visingsé Group,
Sweden. Palynology 6122, 1-35 (2017).

Grey, K., Walter, M. R. & Calver, C. R. Neoproterozoic biotic diversification:
snowball Earth or aftermath of the Acraman impact? Geology 31, 459-462
(2003).

Nowak, H. et al. Filamentous eukaryotic algae with a possible Cladophoralean
affinity from the Middle Ordovician Winneshiek Lagerstitte in Iowa, USA.
Geobios 50, 303-309 (2017).

Prasad, B., Uniyal, S. N. & Asher, R. Organic-walled microfossils from the
Proterozoic Vindhyan Supergroup of Son Valley, Madhya Pradesh, India.
Palaeobotanist 54, 13-60 (2005).

Barghoorn, E. S. & Schopf, J. W. Microorganisms from the Late Precambrian
of Central Australia. Science 150, 337-339 (1965).

Carlisle, E. M., Jobbins, M., Pankhania, V., Cunningham, J. A. & Donoghue, P.
C. J. Experimental taphonomy of organelles and the fossil record of early
eukaryote evolution. Sci. Adv. 7, 1-9 (2021).

Sun, W. et al. Nucleus preservation in early Ediacaran Weng’an embryo-like
fossils, experimental taphonomy of nuclei and implications for reading the
eukaryote fossil record: Taphonomy and preservation of nuclei. Interface
Focus 10, 20200015 (2020).

Butterfield, N. J. A Vaucheriacean alga from the middle Neoproterozoic of
Spitsbergen: implications for the evolution of proterozoic eukaryotes and the
Cambrian explosion. Paleobiology 30, 231-252 (2004).

Hofmann, H. J. & Jackson, G. D. Shale-facies microfossils from the
proterozoic Bylot Supergroup, Baffin Island, Canada. J. Paleontol. 68, 1-35
(1994).

Hermann, T. N. & Podkovyrov, V. N. On the nature of the Precambrian
microfossils Arctacellularia and Glomovertella. Paleontol. J. 42, 655-664
(2008).

Javaux, E. J., Knoll, A. H. & Walter, M. Recognizing and interpreting the
fossils of early eukaryotes. Orig. Life Evol. Biosph. 33, 75-94 (2003).

Javaux, E. J., Knoll, A. H. & Walter, M. R. TEM evidence for eukaryotic
diversity in mid-Proterozoic oceans. Geobiology 2, 121-132 (2004).
Butterfield, N. J. Oxygen, animals and oceanic ventilation: An alternative view.
Geobiology 7, 1-7 (2009).

Komarek, J. in Siiffwasserflora von Mitteleuropa (eds. Budel, B., Girtner, G.,
Krienitz, L. & Schagerl, M.) 1-1130 (Springer Spektrum, 2013).

Graham, L. E. & Wilcox, L. W. Algae (Prentice Hall, 2000).

Premaor, E., Saxena, R. K., Souza, P. Ade & Kalkreuth, W. Fungal spores and
fruiting bodies from Miocene deposits of the Pelotas Basin. Braz. Rev.
Micropaleontol. 61, 255-270 (2018).

| (2022)13:146 | https://doi.org/10.1038/s41467-021-27810-7 | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

32.
33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Taylor, T. N., Krings, M. & Taylor, E. L. Fossil Fungi (Academic Press, 2015).
Gladyshev, V. N. & Zhang, Y. Metallomics and the Cell (Springer, 2013).
Lewan, M. D. & Maynard, J. B. Factors controlling enrichment of vanadium
and nickel in the bitumen of organic sedimentary rocks. Geochim. Cosmochim.
Acta 46, 2547-2560 (1982).

Algeo, T. J. & Maynard, J. B. Trace-element behavior and redox facies in core
shales of Upper Pennsylvanian Kansas-type cyclothems. Chem. Geol. 206,
289-318 (2004).

Baludikay, B. K. Biostratigraphie, paléoécologie et évolution thermique du
Supergroupe Mésoprotérozoique de Mbuji-Mayi, RdCongo. PhD thesis,
Université de Liege. (2018).

Baker, E. W. & Louda, J. W. in Biological Markers in the Sedimentary Record
(ed. Johns, R. B.) (Elsevier, 1986).

Verne-Mismer, J., Ocampo, R., Callot, H. J. & Albrecht, P. New chlorophyll
fossils from moroccan oil shales. Porphyrins derived from chlorophyll C3 or a
related pigment? Tetrahedron Lett. 31, 1751-1754 (1990).

Nesbitt, J. A., Robertson, J. M., Swerhone, L. A. & Lindsay, M. B. J. Nickel
geochemistry of oil sands fluid petroleum coke deposits, Alberta, Canada.
Facets 3, 469-486 (2018).

Jiang, K. et al. Isolated Ni single atoms in graphene nanosheets for
high-performance CO, reduction. Energy Environ. Sci. 11, 893-903

(2018).

Xia, K., Bleam, W. & Helmke, P. A. Studies of the nature of binding sites of
first row transition elements bound to aquatic and soil humic substances using
X-ray absorption spectroscopy. Geochim. Cosmochim. Acta 61, 2223-2235
(1997).

Schuth, N. et al. Biomimetic mono- and dinuclear Ni(I) and Ni(II) complexes
studied by X-ray absorption and emission spectroscopy and quantum
chemical calculations. J. Phys. Conf. Ser. 712, 8-12 (2016).

Nesbitt, J. A., Lindsay, M. B. J. J. & Chen, N. Geochemical characteristics of oil
sands fluid petroleum coke. Appl. Geochem. 76, 148-158 (2017).

Lytle, F. W. Cold Lake Asphaltene V. and Ni X. A. S. Spectra. International
X-ray Absorption Society XAFS Database. (1983).

Delpomdor, F., Bonneville, S., Baert, K. & Préat, A. An introduction to the
Precambrian petroleum system in the Sankuru-Mbuji-Mayi-Lomami-Lovoy
Basin, South-Central Democratic Republic of Congo. J. Pet. Geol. 41, 5-27
(2018).

Rasmussen, B., Muhling, J. R. & Fischer, W. W. Ancient oil as a source of
Carbonaceous matter in 1.88-billion-year-old gunflint stromatolites and
microfossils. Astrobiology 21, 655-672 (2021).

Callot, H. J., Ocampo, R. & Albrecht, P. Sedimentary porphyrins: correlations
with biological precursors. Energy Fuels 4, 635-639 (1990).

Cihlat, J., Fissy, Z. & Obornik, M. in Advances in Botanical Research (ed.
Grimm, B.) (Academic Press, 2019).

Gledhill, M. The determination of heme b in marine phyto- and
bacterioplankton. Mar. Chem. 103, 393-403 (2007).

Xu, Y., Ibrahim, I. M. & Harvey, P. J. The influence of photoperiod and light
intensity on the growth and photosynthesis of Dunaliella salina (chlorophyta)
CCAP 19/30. Plant Physiol. Biochem. 106, 305-315 (2016).

Ferreira, V. S, Pinto, R. F. & Sant’Anna, C. Low light intensity and nitrogen
starvation modulate the chlorophyll content of Scenedesmus dimorphus. J.
Appl. Microbiol. 120, 661-670 (2016).

Hanna, D. A. et al. Heme bioavailability and signaling in response to stress in
yeast cells. J. Biol. Chem. 293, 12378-12393 (2018).

Hanna, D. A., Martinez-Guzman, O. & Reddi, A. R. Heme gazing:
illuminating eukaryotic heme trafficking, dynamics, and signaling with
fluorescent heme sensors. Biochemistry 56, 1815-1823 (2017).

Donegan, R. K., Moore, C. M., Hanna, D. A. & Reddi, A. R. Handling heme:
the mechanisms underlying the movement of heme within and between cells.
Free Radic. Biol. Med. 133, 88-100 (2019).

Butterfield, N. J. Early evolution of the Eukaryota. Palaeontology 58, 5-17
(2015).

Gibson, T. M. et al. Precise age of Bangiomorpha pubescens dates the origin of
eukaryotic photosynthesis. Geology 46, 135-138 (2018).

Tang, Q., Pang, K., Yuan, X. & Xiao, S. A one-billion-year-old multicellular
chlorophyte. Nat. Ecol. Evol. 4, 543-549 (2020).

Parfrey, L. W., Lahr, D. J. G,, Knoll, A. H. & Katz, L. A. Estimating the timing
of early eukaryotic diversification with multigene molecular clocks. Proc. Natl
Acad. Sci. USA 108, 13624-13629 (2011).

Yang, E. C. et al. Divergence time estimates and the evolution of major
lineages in the florideophyte red algae. Sci. Rep. 6, 1-11 (2016).
Sénchez-Baracaldo, P., Raven, J. A, Pisani, D. & Knoll, A. H. Early
photosynthetic eukaryotes inhabited low-salinity habitats. Proc. Natl. Acad.
Sci. USA 114, E7737-E7745 (2017).

61. Grey, K. A modified palynological preparation technique for the extraction of
large Neoproterozoic acanthomorph acritarchs and other acid insoluble
microfossils. (Geological Survey of Western Australia, 1999).

62. Sforna, M. C. et al. Patterns of metal distribution in hypersaline microbialites
during early diagenesis: implications for the fossil record. Geobiology 15,
259-279 (2017).

63. Ravel, B. & Newville, M. ATHENA, ARTEMIS, HEPHAESTUS: data analysis
for X-ray absorption spectroscopy using IFEFFIT. J. Synchrotron Radiat. 12,
537-541 (2005).

64. Schopf, J. W. in The Proterozoic Biosphere (eds. Schopf, J. W. & Klein, C.)
(Cambridge Univ. Press, 1992).

Acknowledgements

We thank the Royal Museum for Central Africa (Tervuren, Belgium) for access to the
Kanshi SB13 drillcore. We thank M. Giraldo, A. Lambion at the Early Life Traces &
Evolution—Astrobiology lab, and S. Smeets at the CAREM platform (University of Liege,
Belgium) for technical support. The authors acknowledge the Paul Scherrer Institute,
Villigen, Switzerland, and the Synchrotron Soleil, Gif-sur-Yvette for provision of syn-
chrotron radiation beamtimes at microXAS-X05LA and the Nanoscopium beamlines,
respectively. We thank M.B.J. Lindsay (University of Saskatchewan, Canada) for pro-
viding XANES porphyrins spectra and P. Cardol (University of Liege, Belgium) for
information on chlorophyll concentration in modern algae. The Marie-Curie Cofund
program at the University of Liége and the FNRS CR PROMESS project (M.C.S.), the
FRS-FNRS-FWO EOS ET-Home grant 30442502 (E.J.J.), the ERC Stg ELiTE FP7/308074
(EJ.J.), the BELSPO BRAIN project B2/212/PI/PORTAL (E.J.J., Y.J.L.), and the program
CALYPSO PLUS (Synchrotron Soleil) (M.C.S., C.E.D., C.C.L.) supported this project.

Author contributions

Conceptualization: M.C.S, E.JJ. Investigation: D.B. provided access to samples and
geological information. M.C.S., C.C.L,, CF, CED, Y.C, EJJ,, D.G, D.ES,, KM, AS.
collected the SR-uXRF and XANES data. M.C.S., C.C.L,, C.E.D., CF. with inputs of Y.C.
and Y.J.L performed the FT-IR and Raman analyses. M.C.S.,, CF.D,, C.CL, AA, AF,
P.C. made SEM and TEM observations. M.C.S., ].J.B., D.G., C.E.D. performed tetra-
pyrrole estimation calculations. Funding acquisition: E.J.J., M.C.S. Writing - original
draft: M.C.S., C.C.L, EJ.]., ].J.B. Writing - review & editing: CFED, CF, YC,Y]JL,
D.G., D.ES.,, KM, AS,, A A, AF, P.C, D.B.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-27810-7.

Correspondence and requests for materials should be addressed to Marie Catherine
Sforna or Emmanuelle J. Javaux.

Peer review information Nature Communications thanks Tanai Cardona and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:146 | https://doi.org/10.1038/s41467-021-27810-7 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-27810-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Intracellular bound chlorophyll residues identify 1�Gyr-old fossils as eukaryotic algae
	Results
	Morphology and ultrastructure of A. tetragonala
	Evidence of preservation of Ni-tetrapyrrole moieties in A. tetragonala
	Origin of the Ni-tetrapyrrole moieties

	Methods
	Sample preparation—Extraction of microfossils
	Scanning electron microscopy (SEM)
	Transmission electron microscopy (TEM)
	Synchrotron radiation X-nobreakray microfluorescence (SR-µXRF)
	X-nobreakray absorption spectroscopy
	Estimation of minimum tetrapyrrole concentrations in living A. tetragonala cells
	Raman spectroscopy

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




