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Early fungi from the Proterozoic era in Arctic

Canada

Corentin C. Loron'*, Camille Francois', Robert H. Rainbird?, Elizabeth C. Turner?, Stephan Borensztajn* &

Emmanuelle J. Javaux*

Fungi are crucial components of modern ecosystems. They may have
had an important role in the colonization of land by eukaryotes,
and in the appearance and success of land plants and metazoans'>.
Nevertheless, fossils that can unambiguously be identified as fungi
are absent from the fossil record until the middle of the Palaeozoic
era®>. Here we show, using morphological, ultrastructural
and spectroscopic analyses, that multicellular organic-walled
microfossils preserved in shale of the Grassy Bay Formation
(Shaler Supergroup, Arctic Canada), which dates to approximately
1,010-890 million years ago, have a fungal affinity. These
microfossils are more than half a billion years older than previously
reported unambiguous occurrences of fungi, a date which is
consistent with data from molecular clocks for the emergence of
this clade®’. In extending the fossil record of the fungi, this finding
also pushes back the minimum date for the appearance of eukaryotic
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crown group Opisthokonta, which comprises metazoans, fungi and
their protist relatives®®,

Several Precambrian microfossils have been tentatively interpreted
as fungi in the past fifty years!'® (for further examples and specimen
names, see Supplementary Information). A few Proterozoic fossils—
notably, parts of the Ediacaran biota—have been compared to lichen-
like organisms!!. All of these previous studies have focused on broad
morphological comparisons; in isolation, this methodology cannot
fully support a specific affiliation with the fungi®. Nevertheless, when
combined with the acetolysis resistance of chemically recalcitrant struc-
tures that have been tested in several fungal lineages'?, the Palaeozoic
record*® indicates that fungi have a strong potential for preservation in
the geological record. To conclusively identify fungal or other eukary-
otic fossils, morphological evidence needs to be coupled with analyses
of the ultrastructure and chemical composition of microfossils'>.

Fig. 1 | Microphotographs of O. giraldae
speciments. a, Sketch of O. giraldae, displaying
the main features of the microfossil.

b-h, Unornamented terminal sphere (spore).
b-g, Transmitted light microscopy images that
show specimens with secondary branching at
aright angle (b, d-g), with terminal spheres
connected together (c), with a bulbous
connection (e) and with tertiary branching

(d, f, g). Arrows show septate connections.
Details of sample and specimen numbers have
previously been published'*. h, SEM image shows
the compressed vesicle. Inset 1 shows the two
layers of the vesicle wall, with an amorphous
outer layer (AOL) and a fibrillary inner layer
(FIL). Inset 2 shows the intertwined microfibrils
of the microfibrillary wall structure. i, TEM
images show the compressed vesicles of the
bilayer wall structure in ultra-thin section, with
magnification in insets 1 and 2. The outer layer
(OL), the inner layer (IL) and intracellular space
(ICS) are indicated in both insets. Scale bars,

20 pm (h), 200 nm (h inset 1), 300 nm (i insets 1
and 2), 400 nm (h inset 2), 1,600 nm (i), 30 pm
(b-g). Images b-g are modified from a previous
publication',
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Fig. 2 | Spectra obtained with FTIR microspectroscopy. Representative
spectra of one specimen (extracted microfossil 1) are compared to
spectra of chitosan and «-chitin standards. Dark grey bands indicate the
typical absorption bands of chitin and chitosan. The presence of spectral
peaks for chitin and chitosan in O. giraldae supports its fungal affinity.
See Supplementary Table 2 for band assignments. Each measurement was
repeated three times with similar results.

Here we report abundant specimens of the organic-walled microfos-
sil Ourasphaira giraldae'*, which are preserved parallel to lamination
in shallow-water estuarine shale of the Grassy Bay Formation (Shaler
Supergroup) from the Brock Inlier in the Northwest Territories of
Canada'>'® (Extended Data Fig. 1). Uranium-lead dating of detrital
zircon grains from the underlying Nelson Head Formation provide
a maximum possible depositional date of 1,013 £ 25 million years
ago (Ma) for the Grassy Bay Formation. Rhenium-osmium dating of
organic matter in black shale from the overlying Boot Inlet Formation
has yielded a date of 892 & 13 Ma. These dates constrain the deposi-
tional date of the Grassy Bay Formation to between 1.0 and 0.9 billion
years ago (Ga)'”18,

The organic-walled microfossils consist of multicellular, branching,
septate filaments with terminal spheres. Their resistance to the acid
treatment used for mineral dissolution indicates a recalcitrant keroge-
nous composition, as confirmed by Raman microspectroscopy. Spheres
are 33 to 80 pm in diameter (n = 27, M = 54.3, 0 = 13.6) and are
linked to the filaments (10 to 35 pm in length) by a single cylindrical or
bulbous connection (Fig. 1a-g). Filament branching is right-angled,
and up to three orders of branching are present (Fig. 1a—g). The con-
nections between the spheres and the filaments—and between first-,
second- and third-order branches—are septate (Fig. 1b-g).

Transmitted-light and scanning electron microscopy (SEM) exam-
inations show smooth unornamented walls of filaments and spheres,
although taphonomic pitting and localized degradation are present.
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SEM images (secondary electron) also reveal the presence of locally
well-preserved and intertwined (approximately 15-20-nm thick)
microfibrils, which make up the walls (Fig. 1h, Extended Data Fig. 2).
Ultrastructural analyses using transmission electron microscopy
(TEM) show that the flattened microfossils are hollow, with a bilay-
ered wall that consists of an electron-dense thick inner layer and a thin
electron-tenuous outer layer (Fig. 11).

This combination of complex morphology, right-angle branching,
multicellularity, bilayered wall ultrastructure, compositional recalci-
trance and relatively large size (not by itself a criterion) permits the
unambiguous placement of the microfossil O. giraldae among eukar-
yotes; together they indicate the presence of a complex cytoskeleton,
which is absent in prokaryotes!®.

We performed Raman thermometry using Raman reflectance,
which is an effective method for analysing low metamorphic-grade
fossiliferous Proterozoic shale (see, for example, ref. 2° and refer-
ences therein). Average temperature estimates are approximately
195°C (Supplementary Table 1). This low temperature is within the
diagenesis window (<200 °C), which confirms that the rocks are not
metamorphosed, consistent with the regional geology'*>'® and with the
quality of microfossil preservation. Analyses of extracted and in situ
microfossils (in thin sections) produce similar estimates of temper-
ature, which—as has previously been documented*—indicates that
extraction by acid maceration does not affect Raman analyses. This
excellent preservation permits investigation of the molecular structure
of the fossil wall using Fourier-transform infrared (FTIR) spectroscopy
analyses. O. giraldae and the other microfossils from the same sam-
ples all exhibit a low degree of thermal alteration, consistent with the
geological setting. This low degree of alteration—when combined
with the microfossils being preserved flattened parallel to the shale
laminations—demonstrates that the microfossils were deposited
together and contemporaneously with sedimentation (syngenicity),
rather than being a later contaminant.

To investigate the chemical composition of the wall, we performed
FTIR spectroscopy on isolated microfossils. The spectra show absorp-
tion bands that are typical of chitin (N-acetyl-p-glucosamine) and/
or chitosan (deacetyled D-glucosamine) (Fig. 2, Supplementary Table
2 and ref. 2!). The typical absorption bands of cellulose are absent??.

The combination of the microfossil morphology, wall ultrastruc-
ture and chemistry of these microfossils is consistent with a fungal
affinity. The septate filaments with right-angled branching and ter-
minal spheres may be interpreted as hyphae with terminal spores,
similar to the spore-bearing stages of many fungi*’. The relatively
large size of the microfossils and their gross morphology bear some
resemblance to fungal sporangia, but sphere opening or disinte-
gration—which would indicate sporangial cleavage—is absent. A
polarized growth and osmotrophic nutrition are characteristic of the
Chytridiomycota, Blastocladiomycota and Dikarya (Ascomycota and
Basidiomycota)®. It is therefore possible that O. giraldae represents one
these clades. Septate hyphae are characteristic of the Dikarya, a few of
the Zoopagomycota (such as the Kickxellales, in which the hyphae have
a distinctive helicoidal morphology) and of the late stages of spores in
the Mucoromycota, Chytridiomycota and Blastocladiomycota”*4%,
Unlike in Dikarya, septa in the microfossil specimens are not regularly
distributed along the hyphae; molecular clocks indicate a minimum
date of 452 Ma for divergence of Dikarya®, much later than the rocks
from which these fossils were obtained. These similarities and differ-
ences suggest that O. giraldae was probably in the stem Dikarya, or
in a clade of the total fungi group that had some—but not all—of the
characteristics of Dikarya.

Fungal walls are bilayered, as has been documented with TEM*%
(Fig. 1i). The inner cell wall structure consists of intertwined microfi-
brils; these are locally well-preserved and visible in SEM images of the
fossil material (Fig. 1h). The outer matrix—which is also visible in some
of the fossil specimens (Fig. 1h, main panel and inset 1)—is composed
mainly of chitin, glucan and proteins. In Dikarya, microfibrils are made
of a-chitin and fixed by 3-glucan, whereas in Mucoromycota the chitin
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Fig. 3 | Simplified phylogenetic relationships of main eukaryotic
supergroups. Diagram shows O. giraldae and its date range, and therefore
the minimum date for the most recent common ancestor of fungi and

the metazoan-choanoflagellate clade. The minimum dates for the
appearance of each lineage are shown; these are based on either body fossil

in the microfibrils is replaced by chitosan®**. Some of the life stages
of pseudofungi (Oomycetes and Hyphochytridiomycetes) resemble
the microfossils that we studied in terms of possessing local septa and
branching, but have a low potential for preservation®. Although these
pseudofungi may have chitin in their wall components?®, the major
constituent of their walls is cellulose. Chitin synthesis may have evolved
early in eukaryotes®’, and FTIR spectroscopy has proven efficient
in detecting chitin and chitosan at temperatures?® up to 280 °C.
The presence of chitin and/or chitosan in our thermally immature
specimens is therefore consistent with a fungal affinity.

Several multicellular micro- and macro-organisms (including
pseudofungi, some life stages of xanthophyte algae, and slime moulds)
are known to exhibit morphologies of ramified branching and terminal
spheres that are broadly similar to the microfossils discussed here; how-
ever, the combination of morphology, wall ultrastructure, chitin and/or
chitosan chemistry, and the absence of cellulose shown by the micro-
fossils are most consistent with a fungal affinity*”?*. Other organisms
that produce chitin (arthropods, chrysoflagellates, diatoms and ciliates)
are morphologically very distinct from our specimens®. In addition, a
fungal affinity for these microfossils is consistent with molecular clock
estimates for the early origin of fungi®”’.

To date, the earliest uncontested fossil fungi are specimens from the
410-million-year-old Rhynie chert of Scotland* and arbuscular spores
of glomeromycotan fungi from Wisconsin that date to 450 Ma, in the
Ordovician period®. These fossils have been used as the main calibration
points for molecular-clock estimates that place the origin of fungi®”’
between 1,060 and 740 Ma—although this date may be older, depending
on which calibrations are used for Dikarya®’. The 1-0.9-billion-year-old
fossil fungi from the lower Shaler Supergroup reported here are older
than these previously reported fossils by more than half a billion years,
which provides a new calibration point for the evolution of fungi—
and also for the evolution of the supergroup Opisthokonta, comprising
fungi, metazoans and their protist relatives®® (Fig. 3).

As a consequence of their role in biological cycles (such as the deg-
radation of organic matter, symbiosis and phosphate fixation), fungi
today have key roles in aquatic and terrestrial ecosystem dynamics;
they may have had similar roles in the Proterozoic era®. Fungi were
also part of the early osmotrophic eukaryotic microbial commu-
nity, which is documented from the Late Palaeoproterozoic or Early
Mesoproterozoic eras'®*!. Extant fungi are mostly terrestrial, although
some marine forms are known*?*. Because O. giraldae is preserved in
shallow-water estuarine shale of the Grassy Bay Formation, this fungus
may have lived in an estuarine environment, in which the accumulation
of organic detritus may have favoured fungal growth and heterotrophy;
the fungus may also have been transported into this estuarine setting
from land or marine niches.
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occurrences (black dots) or molecular fossils (white dots). Details of dates,
fossils and geological occurrences can be found in the Supplementary
Information. Details about the relationships between the branches have
previously been published’.

The later colonization of terrestrial settings by fungi may have
preceded and aided the colonization of land by plants through myc-
orrhizal symbioses and through soil processing, which would have
provided ecological niches, improved the substrate, augmented nutrient
uptake and increased aboveground productivity?. As multidiscipli-
nary studies of Proterozoic fossil assemblages progress, we predict that
more fossil fungi and other early eukaryotes will be discovered and will
improve our understanding of the evolution of the early biosphere.

Online content

Any methods, additional references, Nature Research reporting summaries, source
data, statements of data availability and associated accession codes are available at
https://doi.org/10.1038/541586-019-1217-0.
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METHODS

Sample preparation. The shale sample 15RAT-021A1 (Grassy Bay Formation,
Shaler Supergroup, Canada) was cut into thin sections parallel to lamination for
the Raman analyses. A fraction of the sample was demineralized by treatment
with HF and HCl, using a previously published method??, without centrifuga-
tion to minimize mechanical shocks. A part of the residue was mounted on micro-
scopic slides. Single microfossils were hand-picked under an inverted microscope
with a micropipette, and deposited on a glass slide and ZnSe disc for spectroscopic
analyses.
Optical microscopy. Optical microscopy was performed on a Zeiss Axio imager
microscope equipped with an Axiocam MRc5. Measurements were taken using
the software AxioVision.
SEM. SEM analyses were performed using an Auriga 40 Field Emission Gun
Scanning Electron Microscope (FEG SEM) Zeiss, at the electron microscopy
platform of the Institut de Physique du Globe de Paris (Platform PARI). The
images were taken using the Secondary Electron Detector InLens and/or Everhart
Thornley at 15-keV accelerating voltage, with a beam current at 800 pA and a
working distance between 2.5 and 7.5 mm. Analyses were performed on speci-
mens deposited on glass slides, and Au-coated with a Quorum Q150 ES metallizer.
TEM. Isolated microfossils were embedded in agar-agar gelose and dehydrated in a
graded ethanol series, then infiltrated successively in 1,2-propylene oxide, 1:1 pro-
pylene oxide/epoxy resin melange and then in pure epoxy resin. The samples were
placed in silicon moulds and left to polymerize at 60 °C for 3 days. The resin blocks
were cut into ultrathin (60-100 nm) transversal sections with a diamond knife on
an ultramicrotome Reichert Ultracut. Sections were put on formvar-coated copper
grids and imaged at an accelerating voltage of 200 kV with a transmission electron
microscope Tecnai G* Twin (CAREM, University of Liége).
Raman microspectroscopy. Raman spectra were collected on polished thin sec-
tions and on isolated microfossils using a Renishaw INVIA Raman microspec-
trometer, at the ‘Early Life Traces and Evolution-Astrobiology Laboratory’
(UR Astrobiology, Geology Department, University of Liége) (see Supplementary
Information). Raman analyses were done using an Ar-ion, 40-mW monochro-
matic 514-nm laser source. Laser excitation was focused through a 50 x objective
to obtain a 1-2-pm spot size. The Raman spectrum of each point (around 20
points were measured for each specimen) was acquired in static mode (fixed at a
wavenumber of 1,150 cm™!) for 1 x 1-s running time. This enabled the acquisi-
tion of Raman spectra with a 2,000-cm ™! detection range and a 4-cm ™! spectral
resolution. To process the data, we used the software ‘Renishaw Wire 4.1’. The
baseline subtraction protocol was performed on a truncated spectrum between
1,000 and 1,800 cm ™!, with a third-order polynomial fit. Data processing followed
a previously published protocol®>. Thermal maturity of carbonaceous material was
assessed following a previously published protocol®’, using the Raman reflectance
parameter (RmcR0%), which is an equivalent of vitrinite reflectance (vR0%)>*°.
The RmcR0% parameter uses the positions (w) of the D1 and G peaks, and is
defined as RmcR0% = vR0 eq% = 0.0537 x (wG — wD1) — 11.21 (see ref. 3*).
The Raman reflectance method appears to be a robust tool for evaluating the
thermal maturity of carbonaceous material from Proterozoic rocks?.

FTIR microspectroscopy. The analyses were performed with a Hyperion 2000
Bruker microscope coupled to a Tensor 27 FTIR spectrometer at the Early Life
Traces and Evolution-Astrobiology Laboratory. The specimens were pipetted out
of Milli-Q water and deposited on ZnSe plates. Data were collected with a con-
ventional Globar source equipped with 15x objective (NA = 0.4) and a liquid-ni-
trogen-cooled MCT-A detector. Background was collected on a ZnSe plate free
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Extended Data Fig. 1 | Location of the study area in northwestern
Canada, highlighting the Brock Inlier. The white cross indicates
the location at which the samples were extracted (68° 55’ 42" N,

121° 44’ 17" W). The stratigraphic column and geology have previously
been published'*~'®. The map is modified after a previous publication'*.
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Extended Data Fig. 2 | Additional SEM images. a, b, O. giraldae (whole specimen) with right-angled branching hyphae (indicated with arrows).
d-g, Detailed images of microfibrils on the surface of the specimen shown in Fig. 1h.
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Extended Data Fig. 3 | Additional spectra of O. giraldae, showing a
more-advanced state of degradation. The typical peaks of chitin and
chitosan are present, but at a lower intensity than in the standard. The
region of the saccharides (wavenumber of 1,200-800 cm 1), which

is necessary for polymer recognition, is very weak in intensity. Each
measurement was repeated three times with similar results.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description morphological, ultrastructural and microchemical analyses of organic-walled microfossils

Research sample A fossil population of Ourasphaera giraldae from one bed of Grassy Bay Formation, Shaler Supergroup, Arctic Canada. The sample
was chosen for its very good preservation and the abondance of microfossil specimens.

Sampling strategy We selected the best and complete specimens from the Ourasphaera giraldae population.

Data collection C.C.L. and E.J.J. conceived the study and interpreted the data. C.F. and C.C.L performed the RAMAN and FTIR analyses. C.C.L., C.F. and
S.B. performed the TEM/SEM sample preparation and observations. R.H.R and E.C.T. sampled the rocks and collected the geological
data. C.C.L and E.J.J. wrote the paper with contribution of all the authors. E.J.J. supervised the project.

Timing and spatial scale  Analyses of microfossils were conducted during the year 2018

Data exclusions no data have been excluded

Reproducibility 27 microfossils were measured, 6 specimens were prepared for TEM, 5 specimens for SEM, 2 specimens for RAMAN (in thin section
and extracted) and 3 specimens were prepared for FTIR microspectroscopy

Randomization This is not relevant for our study because the studied microfossils represent one taxon

Blinding This is not relevant for our study because the studied microfossils represent one taxon

Did the study involve field work? [ ]Yes — [X]No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
D Antibodies IXI D ChlP-seq
D Eukaryotic cell lines IXI D Flow cytometry
IXI Palaeontology IXI D MRI-based neuroimaging

D Animals and other organisms
D Human research participants

D Clinical data

NXXOXKX &

Palaeontology

Specimen provenance Fraction of rock sample from one bed of Grassy Bay Formation, Shaler Supergroup, Arctic Canada, collected by R.H.R and E.C.T in
Canada with the support the Geological Survey of Canada, stored in the collection of the “Early Life Traces and Evolution”
Laboratory”, UR Astrobiology, Geology Department of the University of Liege, Belgium

Specimen deposition the microscopic slides are stored in the collection of the “Early Life Traces and Evolution” Laboratory”, UR Astrobiology, Geology
Department of the University of Liége, Belgium

Dating methods No new dates are provided

IXI Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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