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Carolina Fonseca?*, Jodo Graciano Mendonca Filho?, Matias Reolid?, Luis V. Duarte?,
Anténio Donizeti de Oliveira?, Jaqueline Torres Souza® & Carine Lézin*

Choanoflagellates are microeukaryotes that inhabit freshwater and marine environments and

have long been regarded as the closest living relatives of Metazoa. Knowledge on the evolution of
choanoflagellates is key for the understanding of the ancestry of animals, and although molecular
clock evidence suggests the appearance of choanoflagellates by late Neoproterozoic, no specimens
of choanoflagellates are known to occur in the fossil record. Here the first putative occurrence

of choanoflagellates in sediments from the Cretaceous (Cenomanian-Turonian) is described by

means of several cutting-edge petrographic techniques, and a discussion of its paleoenvironmental
significance is performed. Furthermore, their placement in the organic matter classification systems
is argued, with a placement in the Zoomorph Subgroup (Palynomorph Group) of the dispersed organic
matter classification system being proposed. Regarding the ICCP System 1994, incorporation of
choanoflagellates is, at a first glance, straightforward within the liptinite group, but the definition of a
new maceral may be necessary to accommodate the genetic origin of these organisms. While modern
choanoflagellates may bring light to the cellular foundations of animal origins, this discovery may
provide an older term of comparison to their extant specimens and provide guidelines for possible
identification of these organic components in other locations and ages throughout the geological
record.

Choanoflagellates are single-celled and colony-forming microeukaryotes, considered to be the closest living
relatives of animals, and can be found in marine and freshwater environments. The interest in the evolutionary
biology of choanoflagellates has spiked in the last decades, as they have the potential to reveal the genetic and
cell biological foundations of animal cell differentiation'~, due to their position as the sister-group to Metazoa
in the eukaryotic supergroup Opisthokonta.

Choanoflagellate cells are characterized by bearing a single apical flagellum surrounded by a collar of micro-
villi, which together form a “collar complex™. This structure is closely related with its feeding behavior, with
the flagellar movement generating flows that attract bacteria onto the outer surface of the collar, where they are
phagocytosed. This cell morphology is conserved in all choanoflagellate species and, within animals, is structur-
ally and functionally preserved in the form of choanocytes, which constitute a group of specialized feeding cells
that can be found in sponges. The structural and morphological resemblance between sponges and choanoflagel-
lates choanocytes has been used since the nineteenth century as evidence of a close relationship between animals
and these microeukaryotes’™'!. Nevertheless, only modern molecular phylogenetic analyses provided conclusive
evidence that sponges are members of the animal kingdom'?~'4, and that choanoflagellates are indeed the sister
group of animals>!*-7. In addition, the last common ancestor of animals and choanoflagellates may resemble
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Figure 1. Baios de la Hedionda Section. (a) Paleogeographic map of the Cenomanian-Turonian with location
of the studied section (modified from Reolid et al.*”. (b) Stratigraphic logs of the Bafios de la Hedionda Section.
Highlight of sample location, and identification of samples with choanoflagellates in the R. cushmani and W.
archaeocretacea biozones (CB2, CB5 and BS1). Total organic carbon (TOC) and insoluble residue (IR) values
are plotted for each sample, with highest values being observed in the Black radiolaritic shales Member (average
15.78 wt.% and 89 wt.%, respectively).

a modern choanoflagellate, as suggested by the phylogenetic relationship among choanoflagellates, sponges and
eumetazoans*®*'%,

While choanoflagellates are vital players for the understanding of the ancestry of animals, and while molecular
clock evidence suggests the appearance of choanoflagellates by late Neoproterozoic, their fossil record is virtu-
ally non-existent, with no known specimens being described in the literature'*-**. Indeed, a multitude of studies
in organic residues, isolated using highly sophisticated techniques, have been published throughout the years
[e.g.,*%*]. Nevertheless, there is no known occurrence of an organic-walled organism with the same morpho-
logical characteristics as choanoflagellates.

With these premises, and based on the study of a Cretaceous sedimentary succession, the main objectives
are: (i) to characterize the morphological features of choanoflagellates in a Cretaceous sedimentary succession
using several cutting-edge petrographic techniques; (ii) to discuss the contribution of this microeukaryote to
paleoenvironmental characterization; (iii) to include choanoflagellates in the dispersed organic matter classifica-
tion system; and, (iv) to argue the position of this component in the ICCP (International Committee for Coal
and Organic Petrology) System 1994.

Stratigraphic and sedimentary setting

The present study was performed in the Bafios de la Hedionda section, located in the Betic Cordillera, Malaga
Province (southern Spain; Fig. 1). This domain is divided into internal and external zones, with the last one
comprising the Prebetic and Subbetic. These comprehend the record of epicontinental and epioceanic environ-
ments, respectively, starting from the early Jurassic***. The studied section is positioned in the W part of the
Internal Subbetic, also called Penibetic, and represents the sedimentary record of a deep pelagic plateau located
in the most distal part of the South Iberian Paleomargin®.
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This Cenomanian-Turonian sedimentary succession comprises 6 m of the upper part of the Capas Blancas
Formation (Fm.), represented here by the Capas Blancas Member (Mb.; 3.2 m of marls and marly-limestones
with local chert nodules belonging to the Rotalipora cushmani and base of the Whiteinella archaeocretacea
biozones), Black radiolaritic shales Mb. (1.45 m of thin laminated black clays and black radiolaritic cherts from
the W. archaeocretacea Biozone) and Boquerdn Mb. (1.3 m of white limestones with chert nodules and marls
belonging to the top of the W. archaeocretacea and Helvetoglobotruncana helvetica biozones)* (Fig. 1). The
Cenomanian-Turonian boundary is located within the W. archaeocretacea Biozone®.

The kerogen present in the samples from the Bafios de la Hedionda section was analysed using organic petrol-
ogy in whole-rock polished blocks, then isolated and analysed using organic petrography, scanning electron
microscopy and confocal laser scanning microscopy. Total organic carbon content and insoluble residue were
also determined.

Total organic carbon content of the samples ranges between 0.01 and 31.48 wt.%, with the highest average
values being recorded in the Black radiolaritic shales Mb. (15.78 wt.%), and the lowest in the Capas Blancas Mb.
(Fig. 1). Samples from the Black radiolaritic shales Mb. show higher insoluble residue values (average 89 wt.%),
while the lowest are observed in the Capas Blancas Mb. (average 12 wt.%; Fig. 1). The complete petrographic
analysis of the kerogen allowed the identification, in several samples from the Capas Blancas and the base of the
Black radiolaritic shales members, of one new organic component, choanoflagellates, until now never described
in the worldwide fossil record.

Choanoflagellates: the present is the key to the past

Choanoflagellates are single-celled and colony forming eukaryotes (3-10 um) that lack a chloroplast belonging
to the Superkingdom Eukaryota, Kingdom Protozoa, Phylum Choanozoa, Class Choanoflagellatea, and have
long been considered as a transitional link between flagellated protists and sponges, or more precisely, as the
closest living relatives of Metazoa®*-%. They are apparently identical to the flagellated feeding cells of sponges
(choanocytes), presenting a highly distinctive morphology. They are characterized by a unique spherical or
ovoid cell topped by a fine collar (imperceptible by light microscopy) of actin-filled microvilli (“collar com-
plex”) surrounding a single apical flagellum. Structural integrity of the colonies is ensured by a combination of
intercellular bridges, extracellular matrix, and filopodia®*. These morphological features, with the exception of
the collar complex, were observed and identified in detail using confocal laser scanning microscopy to build a
3D model of a choanoflagellate specimen from the Banos de la Hedionda samples (Fig. 2). This model allowed
for the observation of the front and back view of the choanoflagellate, allowing for an overall definition of the
round structure of the colony (Fig. 2a,b,c,e). The use of the transparent and maximum filters allowed for the
identification, in detail, of the singular apical flagellum and cell body of each singular member of the colony
(Fig. 2¢,d,e,f). The thinness of the specimen can also be appreciated (Fig. 2g,h). While a distinguishable cell
body and the flagellum were identified, the connecting tissue between each unicellular entity is more difficult to
pinpoint using this technique most likely since the distance between the slices (0.06 pm) during the scanning of
the particle may not have enough resolution.

In the isolated kerogen palynofacies slides, choanoflagellates present the same morphological characteris-
tics as observed in confocal laser scanning (Fig. 2), exhibiting a colonial aspect, and the possible identification
of the cell body and the single apical flagellum (Fig. 3). Regarding its morphographic features, the specimens
with highest degree of preservation are almost transparent in transmitted white light, presenting a dark yellow
fluorescence under blue incident light (Fig. 3a,b,c,d). The particles with higher degree of amorphization (micro-
biological reworking by anaerobic bacteria) display a light brownish color in transmitted white light, and a dark
yellow fluorescence under blue incident light (Fig. 3e,g,h). In whole-rock polished-blocks, choanoflagellates are
transparent under reflected white light and exhibit a dark yellow fluorescence (Fig. 3i,j,k,l). Scanning electron
microscopy allowed for the observation, in detail, of the connecting tissue that joins the individual cells to form
the colonial choanoflagellate identified in the studied samples (Fig. 4).

In the choanoflagellate observed in the studied samples, the typical collar complex is absent, which could
be considered problematic to their identification and classification. Although this morphological feature is eas-
ily recognized in present day choanoflagellates, fossilization processes need to be considered when analysing
the studied specimens. It is well established that the microvilli of the collar are primarily composed of actin
microfilaments*>*!. Thus, the preservation potential of the microvilli is extremely low to nonexistent*>. The
sedimentary organic matter is derived from live organic matter and from products of its metabolism. Living
tissues are composed of an assembly of thermodynamically unstable biomolecules. When such molecules are
secreted or excreted by the living organisms, or even after their death, they tend to lose their integrity and can
be transformed into simple stable components (e.g., CO,, CH,, NH;, H,S, H,O, etc.). This degradation process
can be accomplished by the physicochemical processes (oxidation, photolysis, thermolysis, hydrolysis, etc.)*.
The destructive action will depend on the specific resistance of each of the different biochemical entities, which
will determine the accumulation of organic matter®’. The components more susceptible to decomposition are
proteins, which are broken down into water-soluble monomers (amino acids), due to the action of enzymes.
These are followed by carbohydrates, which also are broken down into simple sugars by enzymatic action, while
lipids and lignin are the most resistant components*?. Taking this into account, it is fair to assume that the
protein-rich collar of microvilli was not preserved, while other parts of the choanoflagellate, richer in lipids,
were fossilized. The presence of a spherical or ovoid cell with a single apical flagellum in each unicellular entity
allows the identification of these colonial organisms as choanoflagellates and distinguishes them from other
organic-walled microfossils. The individual palynological colonial components that are usually encountered
in geological palynological preparations encompass Botryococcus, Pediastrum, Scenedesmus and Gloeocapso-
morpha*>**. The morphological characteristics of these components are completely different from the ones
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Figure 2. Confocal laser scanning microscopy photomicrographs of colonial choanoflagellate from the Capas
Blancas Mb. (R. cushmani Biozone) at Baios de la Hedionda, with distinguishable cell body, flagellum, and the
connecting tissue between each unicellular entity. (a) Front view with shadow filter. (b) Back view with shadow
filter. (c) Front view with maximum filter. (d) Detailed zoom of figure c. (e) Front view with transparent filter. (f)
Detailed zoom of figure e. (g-h) 3D model with X, Y and Z axis.

exhibited by the organic-walled microfossil identified as choanoflagellate. Furthermore, green algae from the
order Chlamydomonadales (genus Gonium and Volvox) and golden algae from the class Chrysophyceae were
also considered, but colonies are either not spherical or each individual entity displays two flagella**®. Thus, this
seems to be the first putative occurrence of Choanoflagellates in the fossil record.

The paleoenvironmental significance of choanoflagellates

Present day choanoflagellates are abundant and globally distributed in marine and freshwater environments,
inhabiting both pelagic and benthic environments (being recovered from as deep as 300 m®**’~*. They are one the
most important bacteria-consuming groups bonding otherwise unreachable forms of carbon to higher trophic
levels, and thus having a profound impact on marine microbial food webs and the global carbon cycle*385051,
At Banos de la Hedionda, the Cenomanian-Turonian choanoflagellates occur together with an extremely diverse
palynological association. The palynological association of the Capas Blancas Mb. is characterized by marine
phytoplankton-derived amorphous organic matter (originated by microbiological reworking of marine phyto-
plankton by heterotrophic bacteria) and freshwater microplankton, with some specimens of marine microplank-
ton (dinoflagellate cysts), sporomorphs, zoomorphs and phytoclasts being also identified. The palynological
association of the Black radiolaritic shales Mb. displays an increase in the degree of amorphization of all the
components, translating an overall transgressive trend*. In this member, the amorphous organic matter is domi-
nant (with both marine phytoplankton and bacterial origin), with some particles of freshwater microplankton
(Botryococcus sp.), marine microplankton (dinoflagellate cysts), sporomorphs and phytoclasts being also present.
Although the association changes and evolves throughout the section, the mixture of freshwater and marine
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Figure 3. Photomicrographs of choanoflagellates from the Capas Blancas Mb. (R. cushmani Biozone) at
Baiios de la Hedionda. (a,b,c,d), Choanoflagellate with high preservation state (palynofacies slide). (e,f,g,h),
Amorphous choanoflagellate (palynofacies slide). (i,j,k,1), Choanoflagellate (whole-rock). Transmitted white
light: (a,c,e,g). Reflected white light: (i). Fluorescence mode: (b,d,f,h,j.k,1).

components is constant, which hinders the identification of the paleoenvironmental affinity of the choanoflagel-
lates. At the base of the section, the freshwater components and the choanoflagellates show a low amorphization
state, which may indicate some transport into the system as some marine phytoplankton-derived amorphous
organic matter is present. At the base of the Black radiolaritic shales Mb. the choanoflagellates begin to present
a higher amorphization state (oxygen deficiency allowed for the more effective amorphization processes by
anaerobic microbiological reworking to occur), which is congruent with the development of reducing condi-
tions (possibly euxinia) during this time*. The similar amorphization degree of choanoflagellates and freshwater
microplankton may indicate a freshwater affinity of the choanoflagellates identified in this section, nevertheless,
the discovery and examination of these components in other sections with different age, paleogeographical and
paleoenvironmental contexts is key for a more reliable definition of the paleoenvironmental affinity of these
components throughout the geological record.
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Figure 4. Scanning electron microscopy analysis. (a, b, ¢, d) Photomicrographs of colonial choanoflagellate
from the Capas Blancas Mb. (R. cushmani Biozone) at Bafios de la Hedionda, highlighting the flagellum and the
connecting tissue that joins the individual cells of the colonial choanoflagellate.

Choanoflagellates in the organic matter classification systems

Protozoa is undoubtedly a paraphyletic taxon, i.e., Animalia, Fungi, Plantae, and Chromista evolved from it*”.
Some protists, such as the choanoflagellates, are more closely related to animals than to other protists. Con-
sidering the dispersed organic matter classification system*?, and its most recent update*, choanoflagellates
should belong to the Palynomorph Group as, by definition, it includes all organic-walled microfossils remaining
after acid maceration. In terms of subgroups, due to its close relationship with animals, a case may be made to
include them, even if temporarily, in the Zoomorph Subgroup as it encompasses discrete individual animal-
derived particles, whether whole or damaged*’. Due to their presence in both marine and freshwater environ-
ments, another possibility is to create a new subgroup, such as the “Mixed Aquatic Palynomorph Subgroup” or
the “Others Subgroup’, to accommodate these new components. The “Mixed Aquatic Palynomorph Subgroup”
would include both freshwater and marine organic-walled aquatic constituents. The “Others Subgroup” may
comprise aquatic organic-walled components (both freshwater and marine) that are neither animal-derived or
photosynthetic, and others.

Following the ICCP System 1994 for maceral group classification®, according to the morphographic features
and optical properties (reflectance and fluorescence) of choanoflagellates, these components should belong to
the liptinite group. By definition, “liptinite is a group of macerals derived from non humifiable plant matter,
relatively hydrogen rich remains such as sporopollenin, resins, waxes and fats and comprise the macerals of the
lowest reflectance at a given rank among the other macerals”2. Although the taxonomy of choanoflagellates may
be a constrain, this group is characterized by organic components that display a lower reflectance than vitrinite
at low and medium rank and show autofluorescence when illuminated with ultra-violet and blue lights®?, which
is aligned with the optical properties of choanoflagellates.

The liptinite group is composed by nine macerals, from which only one, alginite, seems to encompass the optic
and morphographic features of choanoflagellates. At first sight, choanoflagellates seem to present a filamentous,
almost lamellae, morphology with limited thickness and lateral extent which may indicate that lamalginite (a
subdivision of alginite) must be the better choice® (Fig. 3k,1). Still, a more careful analysis of the individual
organic particles allows the recognition of a punctuated or dotted structure, representing the individual members
of the colony (Fig. 3j). Ultimately, choanoflagellates are not a planktonic or benthic algae, so it does not fit the
definition of the organic components within this maceral®. This entails that the discussion of the classification
of these new organic components within the ICCP System 1994 is still open, as none of the macerals currently
established fits its origin and optical and morphographic features.

While the study of modern choanoflagellates holds the promise of illuminating the cellular foundations of
animal origins®, this discovery may bring new light into the reconstruction of the development and evolution
of choanoflagellates, whose first specimens evolved over 600 million years ago. This older term of comparison
to the present day living choanoflagellates provides the guidelines for possible identification of these organic
components in other locations and ages throughout the geological record.
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Methods

Sample collection and specimen identification. A set of 22 samples was collected from the Bafios de
la Hedionda section, belonging to the Cenomanian—Turonian Capas Blancas Fm.: 13 from the Capas Blancas
Mb., 8 from the Black radiolaritic shales Mb., and 1 from the Boquerén Mb. The studied samples did not show
evidence of weathering.

Total organic carbon and insoluble residue.  Total organic carbon (TOC) content was determined (after
acidification for removal of carbonates) using a LECO SC 144 analyzer and following standard procedures®.
Insoluble residue represents the fraction of the sample not eliminated by acidification (presuming a total removal
of the carbonates).

Organic petrology. Optical petrography was performed on whole-rock polished blocks prepared accord-
ing to ISO 7404-2%, utilizing a Zeiss Axioskop 2-plus microscope. Maceral identification was based on optical
properties and morphology defined by ICCP System 1994°2.

Kerogen isolation and organic petrography. Standard non-oxidative procedures were used for isola-
tion of the kerogen from the rock matrix*»**. Around 20 to 40 g of sediment were crushed (2 mm size) and
underwent an acid treatment for removal of the rock matrix (carbonates—HCI 37% for 18 h; silicates—HF 40%
for 24 h; neoformed fluorides—HCI 37% for 3 h). Then, kerogen was concentrated using a heavy liquid (ZnCl,,
density=1.9 to 2 g/cm?). Drops of HCI (10%) were added to the organic fraction followed by neutralization
using distilled water. The material was centrifuged (3 min at 1500 rpm), and the excess water discarded. After
decantation, strew slides (palynofacies slides) were prepared using the isolated kerogen (sieved at 10 um). Pet-
rographic analysis for organic particles identification was performed using transmitted white and incident blue
(fluorescence mode) lights, following the dispersed organic matter classification*>**. A high number of choano-
flagellate specimens were identified in the studied samples. The richest sample (sample CB2) underwent palyno-
facies analysis (qualitative and quantitative examination of the kerogen, counting of 300 to 500 particles)****, and
choanoflagellates represent 15.5% of the palynological association of that sample. In other samples, choanoflag-
ellates appear in smaller numbers and different preservation stages, which makes it difficult to quantify.

Confocal laser scanning microscopy. For confocal laser scanning microscopy (CLSM) analysis, samples
underwent panning to increase palynomorph recovery and then were sieved using nylon membranes of 40 um
and 20 pm-mesh*®. CLSM images were acquired on a CLSM Zeiss LSM 700 confocal system equipped with a
Zeiss Zen 2011 (Black edition) software. A 488 nm diode source, high sensitivity PMT (photomultiplier tube)
detector with spectral increment of 1 nm, 100 x oil objective, distance between the slices of 0.06 pum, resolution
of 2048 by 2048 pixels, 8-bit (bit-depth) were used.

Scanning electron microscopy. For scanning electron microscopy analysis, a drop of the isolated kero-
gen was placed on a carbon ribbon, on an aluminium stub, and let dry for 24 h. Observations were performed
using a Zeiss EVO M10 Scanning Electron Microscope, with 14.45 kV voltage (EHT) and working distance
(WD) of 13.0 mm under vacuum.

Data availability

All data generated or analyzed during this study are included in this published article. All materials (rock sam-
ples and slides) are housed in the collections of the Palynofacies and Organic Facies Laboratory of the Federal
University of Rio de Janeiro, Rio de Janeiro, Brazil.

Received: 31 August 2022; Accepted: 22 December 2022
Published online: 23 January 2023

References

1. Booth, D. S. & King, N. The history of Salpingoeca rosetta as a model for reconstructing animal origins. Curr. Top. Dev. Biol. 147,
73-91 (2022).

2. Richter, D. J. & King, N. The genomic and cellular foundations of animal origins. Annu. Rev. Genet. 47, 509-537 (2013).

. Adl, S. M. et al. The revised classification of eukaryotes. J. Eukaryot. Microbiol. 59(5), 429-493 (2012).

4. Carr, M., Leadbeater, B. S., Hassan, R., Nelson, M. & Baldauf, S. L. Molecular phylogeny of choanoflagellates, the sister group to
Metazoa. Proc. Natl. Acad. Sci. U.S.A. 105(43), 16641-16646 (2008).

. Ruiz-Trillo, I., Roger, A. J., Burger, G., Gray, M. W. & Lang, B. F. A phylogenomic investigation into the origin of metazoa. Mol.
Biol. Evol. 25, 664-672 (2008).

. Steenkamp, E. T., Wright, ]. & Baldauf, S. L. The protistan origins of animals and fungi. Mol. Biol. Evol. 23, 93-106 (2006).

. King, N. The unicellular ancestry of animal development. Dev. Cell 7, 313-325 (2004).

. Brunet, T. & King, N. The origin of animal multicellularity and cell differentiation. Dev. Cell 43(2), 124-140 (2017).

. Nielsen, C. Six major steps in animal evolution: Are we derived sponge larvae?. Evol. Dev. 10(2), 241-257 (2008).

. Maldonado, M. Choanoflagellates, choanocytes, and animal multicellularity. Invert. Biol. 123, 1-22 (2004).

. James-Clark, H. Conclusive proofs on the animality of the ciliate sponges, and their affinities with the Infusoria Flagellata. Am. J.
Sci. s2-42(126), 320-324 (1866).

12. Telford, M. ]., Budd, G. E. & Philippe, H. Phylogenomic insights into animal evolution. Curr. Biol. 25, R876-R887 (2015).

13. Srivastava, M. et al. The Amphimedon queenslandica genome and the evolution of animal complexity. Nature 466, 720-726 (2010).

14. Wainright, P. O., Hinkle, G., Sogin, M. L. & Stickel, S. K. Monophyletic origins of the metazoa: An evolutionary link with fungi.

Science 260, 340-342 (1993).
15. Philippe, H. et al. Phylogenomics of eukaryotes: Impact of missing data on large alignments. Mol. Biol. Evol. 21, 1740-1752 (2004).

= O \0 N w w

[Er—

Scientific Reports |

(2023) 13:1242 | https://doi.org/10.1038/s41598-022-26972-8 nature portfolio



www.nature.com/scientificreports/

16. Burger, G., Forget, L., Zhu, Y., Gray, M. W. & Lang, B. F. Unique mitochondrial genome architecture in unicellular relatives of
animals. Proc. Natl. Acad. Sci. U.S.A. 100, 892-897 (2003).

17. Lang, B. E, O’Kelly, C., Nerad, T., Gray, M. W. & Burger, G. The closest unicellular relatives of animals. Curr. Biol. 12, 1773-1778
(2002).

18. Ruiz-Trillo, I. & de Mendoza, A. Towards understanding the origin of animal development. Development 147(23), dev192575
(2020).

19. King, N. & Rokas, A. Embracing uncertainty in reconstructing early animal evolution. Curr. Biol. 27(19), R1081-R1088 (2017).

20. 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. U.S.A. 108, 13624-13629 (2011).

21. Sebé-Pedrds, A., Degnan, B. M. & Ruiz-Trillo, I. The origin of Metazoa: A unicellular perspective. Nat. Rev. Genet. 18, 498-512
(2017).

22. Dos Reis, M. et al. Uncertainty in the timing of origin of animals and the limits of precision in molecular timescales. Curr. Biol.
25(22), 2939-2950 (2015).

23. Erwin, D. H. et al. The Cambrian conundrum: Early divergence and later ecological success in the early history of animals. Science
334(6059), 1091-1097 (2011).

24. Fonseca, C. et al. Boosted microbial productivity during the Toarcian Oceanic Anoxic Event in the Paris Basin, France: New
evidence from organic geochemistry and petrographic analysis. Geol. Soc. Spec. Publ. 514, 309-334 (2021).

25. Gongalves, P. A., Morgado, A., Mendonga Filho, J. G., Mendonga, J. O. & Flores, D. Paleoenvironmental variations in a sedimentary
Jurassic sequence from Lusitanian Basin (Portugal). Int. J. Coal Geol. 247, 103858 (2021).

26. Fonseca, C., Mendonga Filho, J. G., Lézin, C., Oliveira, A. D. & Duarte, L. V. Organic matter deposition and paleoenvironmental
implications across the Cenomanian-Turonian boundary of the Subalpine Basin (SE France): Local and global controls. Int. J. Coal
Geol. 218, 103364 (2020).

27. Fonseca, C., Mendonga Filho, J. G., Lézin, C. & Duarte, L. V. Organic facies variability and paleoenvironmental changes on the
Moroccan Atlantic coast across the Cenomanian-Turonian Oceanic Anoxic Event (OAE2). Int. J. Coal Geol. 230, 103587 (2020).

28. Gongalves, P. A,, Pinheiro, S., Mendonga Filho, J. G., Mendonga, J. O. & Flores, D. Study of a Silurian sequence of Dornes region
(Central Iberian Zone, Portugal): The contribution of organic petrology and palynofacies. Int. J. Coal Geol. 225, 103501 (2020).

29. Fonseca, C., Mendonga Filho, J. G., Lézin, C., Duarte, L. V. & Fauré, P. Organic facies variability during the Toarcian Oceanic
Anoxic Event record of the Grands Causses and Quercy basins (southern France). Int. J. Coal Geol. 190, 218-235 (2018).

30. Guler, M. V. et al. Palynofacies analysis and palynology of the Agua de la Mula Member (Agrio Formation) in a sequence stratig-
raphy framework, Lower Cretaceous, Neuquén Basin, Argentina. Cretac. Res. 41, 65-81 (2013).

31. Mendonga Filho, J. G. et al. Organic facies of the Oligocene lacustrine system in the Cenozoic Taubaté basin, Southern Brazil. Int.
J. Coal Geol. 84, 166-178 (2010).

32. Tyson, R. V., Esherwood, P. & Pattison, K. A. Organic facies variations in the Valanginian-mid-Hauterivian interval of the Agrio
Formation (Chos Malal area, Neuquén, Argentina): Local significance and global context. Geol. Soc. Spec. Publ. 252, 251-266
(2005).

33. Tribovillard, N., Bialkowski, A., Tyson, R. V., Lallier-Verges, E. & Deconinck, J.-E. Organic facies variation in the late Kimmeridgian
of the Boulonnais area (northernmost France). Mar. Pet. Geol. 15(3), 371-389 (2001).

34. Vera, ]. A. Zonas externas béticas. In Geologia de Esparia (ed. Vera, J. A.) 354-389 (SGE-IGME, 2004).

35. Reolid, M., Sdnchez-Quifidnez, C. A., Alegret, L. & Molina, E. The biotic crisis across the Oceanic Anoxic Event 2: Palaeoenvi-
ronmental inferences based on foraminifera and geochemical proxies from the South Iberian Palacomargin. Cretac. Res. 60, 1-27
(2016).

36. King, N. Choanoflagellates. Curr. Biol. 15(4), R113-R114 (2005).

37. Ruggiero, M. A. et al. A higher level classification of all living organisms. PLoS ONE 10(6), e0130114 (2015).

38. Brusca, R. C., Moore, W. & Schuster, S. M. Invertebrates (Sinauer Associates Inc., 2016).

39. Dayel, M. J. et al. Cell differentiation and morphogenesis in the colony-forming choanoflagellates Salpingoeca rosetta. Dev. Biol.
357,73-83 (2011).

40. Leadbeater, B. S. C. The Choanoflagellates (Cambridge University Press, 2015).

41. Karpov, S. A. & Leadbeater, B. S. C. Cytoskeleton structure and composition in choanoflagellates. J. Euk. Microbiol. 45(3), 361-367
(1998).

42. Tissot, B. P. & Welte, D. H. Petroleum Formation and Occurrence (Cambridge University Press, 1984).

43. Tyson, R. V. Sedimentary Organic Matter. Organic Facies and Palynofacies (Chapman and Hall, 1995).

44. Mendonga Filho, J. G. & Gongalves, P. A. Organic matter: Concepts and definitions. In Geology: Current and Future Developments.
The Role of Organic Petrology in the Exploration of Conventional and Unconventional Hydrocarbon Systems (eds Suaréz-Ruiz, I. &
Mendonga Filho, J. G.) 1-33 (Bentham Science Publishers, 2017).

45. Kirk, D. L. Volvox. Molecular-Genetic Origins of Multicellularity and Differentiation (Cambridge University Press, 2005).

46. Nicholls, K. H. & Wujek, D. E. Chapter 12—Chrysophyceae and Phaeothamniophyceae. In Aquatic Ecology, Freshwater Algae of
North America 2nd edn (eds Wehr, J. D. et al.) 537-586 (Academic Press, 2015).

47. Thomsen, H. A. & Larsen, J. Loricate choanoflagellates of the Southern Ocean with new observations on cell division in Bicosta
spinifera (Throndsen, 1970) from Antarctica and Saroeca attenuata Thomsen, 1979, from the Baltic Sea. Polar Biol. 12, 53-63
(1992).

48. Buck, K. R. & Garrison, D. L. Distribution and abundance of choanoflagellates (Acanthoecidae) across the ice-edge zone in the
Weddell Sea, Antarctica. Mar. Biol. 98, 263-269 (1988).

49. Thomsen, H. Planktonic choanoflagellates from Disko Bugt, West Greenland, with a survey of the marine nanoplankton of the
area Meddelelser om Gronland. Bioscience 8, 3-63 (1982).

50. Arndt, H. et al. Functional diversity of heterotrophic flagellates in aquatic ecosystems. In The Flagellates (eds Leadbeater, B. S. C.
& Green, J. C.) 240-268 (Taylor and Francis, 2000).

51. Boenigk, J. & Arndt, H. Bacterivory by heterotrophic flagellates: Community structure and feeding strategies. Antonie Van Leeu-
wenhoek 81, 465-480 (2002).

52. Pickel, W. et al. Classification of liptinite— ICCP System 1994. Int. J. Coal Geol. 169, 40-61 (2017).

53. United States Environmental Protection Agency (U.S.EPA). Methods for the Determination of Total Organic Carbon (TOC) in Soils
and Sediments. Ecological Risk Assessment Support Center. NCEA-C-1282. (Office of Research and Development, Las Vegas, 2002).

54. ISO 7404-2. Methods for the Petrographic Analysis of Coals—Part 2: Methods of Preparing Coal Samples (International Organization
for Standardization, 2009).

55. Mendonga Filho, J. G. et al. Organic facies: Palynofacies and organic geochemistry approaches. In Geochemistry—Earth’s System
Processes (ed. Panagiotaras, D.) 211-248 (InTech, 2012).

56. Oliveira, A. D. et al. Novo método de preparagio palinolégica para aumentar a recuperagio de dinoflagelados. Revista Brasileira
de Paleontologia 7(2), 169-175 (2004).

57. Reolid, M., Sdnchez-Quifiénez, C. A., Alegret, L. & Molina, E. Palaeoenvironmental turnover across the Cenomanian-Turonian
transition in Oued Bahloul, Tunisia: foraminifera and geochemical proxies. Palaeogeogr. Palaeoclimatol. Palaeoecol. 417, 491-510
(2015).

Scientific Reports|  (2023)13:1242 | https://doi.org/10.1038/541598-022-26972-8 nature portfolio



www.nature.com/scientificreports/

Acknowledgements

The authors thank the team from the Laboratory of Palynofacies and Organic Facies of the Federal University
of Rio de Janeiro (LAFO-UFR]) for technical support in sample preparation, and Dr. Elisabete Ferreira and Dr.
Andrea Wallau Souto-Ribeiro from the Division of Biostratigraphy and Paleoecology of the Research and Devel-
opment Center of Petrobras (CENPES/PETROBRAS), Rio de Janeiro, Brazil, for technical support with Confocal
Laser Scanning analysis. The authors acknowledge the fruitful contributions of the Editor and two anonymous
reviewers. This study had the support of national funds through Fundagao para a Ciéncia e Tecnologia, I. P (FCT),
under the projects UIDB/04292/2020, UIDP/04292/2020, granted to MARE, and LA/P/0069/2020, granted to
the Associate Laboratory ARNET. This study had the support of funding from the Spanish Ministry of Economy
and Competitiveness (PID2019-105537RB-100).

Author contributions

C.E conducted sampling, geochemical and petrographic analyses, analyzed the results and wrote the manuscript.
J.G.M.E conducted petrographic and geochemical analyses and analyzed the results. M.R. conducted sampling
and field work. L.V.D. conducted sampling and field work. A.D.O. conducted sample preparation and petro-
graphic analysis. J.T.S conducted sample preparation and petrographic analysis. C.L. analyzed the results and
supervised all stages of the study. All authors reviewed and contributed to the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.E

Reprints and permissions information is available at 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 Attribution 4.0 International

s 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 licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:1242 | https://doi.org/10.1038/s41598-022-26972-8 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	First putative occurrence in the fossil record of choanoflagellates, the sister group of Metazoa
	Stratigraphic and sedimentary setting
	Choanoflagellates: the present is the key to the past
	The paleoenvironmental significance of choanoflagellates
	Choanoflagellates in the organic matter classification systems
	Methods
	Sample collection and specimen identification. 
	Total organic carbon and insoluble residue. 
	Organic petrology. 
	Kerogen isolation and organic petrography. 
	Confocal laser scanning microscopy. 
	Scanning electron microscopy. 

	References
	Acknowledgements


