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Abstract

The establishment of affinities of fossil fungal spores with extant fungal taxa based mainly on
the detailed analysis of morphological traits is difficult. Thus, it is necessary to use mycological terms
to properly describe fossil fungi. In this work, we transfer five species of Frasnacritetrus Taugourd.
(1968) to Tetraploa Berk. & Broome (1850) because the spores of the fossil and extant species share
the same morphological traits. Here, we also discuss how dark pigments of extant spores of Tetraploa
are synthesized to assess their potential contribution to the preservation of these diaspores in the fossil
record, including their role in the fossilization process. In this work, we conclude that Frasnacritetrus
should be considered a synonym of Tetraploa. Our results also shed light on how melanins have
played a role in the preservation of fungal spores and other remains in the fossil record to thus, 1)
understand how different burial histories and thermal maturation influenced long-term melanin
survival, 2) to study the evolution of fungi lineages such as Tetraploa, and 3) to assess how fungal
melanins can be used as biomarkers for palaeoecological purposes.

Keywords — Mycopalynology — Melanins — Nearest-living-relative — Non-pollen palynomorphs —
Paleomycology — Post-mortem polymerization

Introduction

Naming fossil fungal remains, including spores, could be challenging because most of them
belong to Dikarya, a subkingdom of Fungi (Wijayawardene et al. 2020). This taxonomic entity is
very diverse in the number of species and in the variation of spore traits and other structural
components differentiated within the same taxon (Nufiez Otafio et al. 2021). Recent
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recommendations in the last version of the International Code of Nomenclature (ICN), “Shenzhen
code” (Chapter F, May et al. 2019), and several recently published papers (Aime et al. 2021, O’Keefe
et al. 2021) proposed to use modern names when is possible to unify taxonomic identifications. This
code also recommends to maintain a nomenclatural consistency in mycological practices, such as
fungal descriptions, erecting new fungal species names, genus, and transferring species. Thus, in
recent years the tendency to assign extant taxa names to fossil fungal spores based on modern fungal
analogs has increased to improve the accuracy of paleoecological inferences and paleoenvironmental
reconstructions, despite the age of the samples (Nufiez Otafio et al. 2021, Pound et al. 2022).

Several well-known fungi coexist in the literature with “two” putative different names, the
fossil and extant names. One example of this dichotomy is the genus Tetraploa
(Tetraplosphaeriaceae, Pleosporales) (Kumaran et al. 2001, Antoine et al. 2006, Worobiec et al. 2009,
Cook et al. 2011, Gelorini et al. 2012). This genus, erected by Berkeley and Broome in 1850, is
characterized by easily recognizable stauroconidia commonly associated with Poaceae or with
submerged wood in humid environments (Tanaka et al. 2009, Afty et al. 2013, Hyde et al. 2013,
Dong et al. 2020, Li et al. 2021, Romero et al. 2021, among others). In palynological literature, from
the Pliocene to the Quaternary (since 2.58 million years (Ma)), these spores could be found under
Tetraploa, but in deeper time, from the Miocene to the Late Devonian (— 5.33 to 358.9 Ma), spores
with similar morphology are frequently assigned to a fossil genus Frasnacritetrus (Taugourdeau
1968, Saxena & Sarkar 1986, Gupta 2002). Several authors have considered the oldest record of
Frasnacritetrus, (Frasnacritetrus josettae, 372.2-382.7 Ma), as a modern form of Tetraploa (Head
1993, Kalgutkar & Jansonius 2000, Worobiec et al. 2009).

Conidia of Tetraploa are characterized by apical appendages, mostly four, that vary in length,
and a body generally short-cylindrical with ornamentations in the highly pigmented wall (Li et al.
2021). Among the phenotypic features of representatives belonging to Tetraploa and Frasnacritetrus,
dark coloration is frequently used for the identification of the spores into the “dematiaceous group”
(Hyde et al. 2020, Li et al. 2021, Saxena et al. 2021). However, available data concerning the
chemical nature of the pigments synthesized by these fungi and the variation in pigmentation of the
conidia are scarce (Zhao et al. 2009, Toledo et al. 2017). It has been hypothesized that the intensity
of darkening in spores of Tetraploa and other pigmented structures in this genus, as well as in other
representatives from the order Pleosporales, could be caused by the chemical structure and types of
chromophores derived from the metabolism of this fungal group (Saparrat et al. 2002, Nitiu et al.
2020). Another hypothesis is that post-mortem processes, related to chemo-thermal modifications
during the fossilization, might be an additional factor for the coloration grade of the spores from
Frasnacritetrus and other fossil fungi belonging to Pleosporales, contributing at the same time to
their preservation in the fossil record (Nufiez Otafio et al. 2021).

Morphological similarities between Tetraploa and Frasnacritetrus have been recognized in the
literature since 1986 (see Saxena et al. 2021 for a recent mention). However, to avoid this dichotomy
no efforts have been made to transfer the fossil species of Frasnacritetrus to Tetraploa. Following
the new nomenclatural rules that encourage taxonomists to avoid using morpho-taxa names for fossil
fungi (O’Keefe et al. 2021), we propose disregarding the use of Frasnacritetrus, as it was described
later, so it should be considered a posterior synonym of Tetraploa. The modern genus name has
priority in accordance with the San Juan Chapter F, Section 1, Art. F.3, and Chapter Il, Section 1,
Art. 11 of the ICN Code (May et al. 2019, Turland et al. 2018, Turland 2019). Additionally, we
discuss how melanins, which are recalcitrant polymers found in cell walls of pigmented fungal
structures, could have had a key role in the preservation of fossil spores of Tetraploa. This is based
on the different secondary metabolites that Tetraploa can synthesize, such as
spirodioxynaphthalenes, derivated from the same metabolic pathways that generate the 1.8-
dihydroxynaphthalene (DHN)-melanins, found primarily in ascomycetes and related forms (Saparrat
et al. 2002, Gomez & Nosanchuk 2003, Chai et al. 2010).
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Methods

Selection of species

We carried out a morphological comparison among extant and fossil taxa of accepted species
belonging to Tetraploa and Frasnacritetrus that are registered in Index Fungorum
(www.indexfungorum.org) and MycoBank (www.mycobank.org). Species belonging to
Pseudotetraploa were also included because several species of Tetraploa have been recently
transferred to this genus, based on DNA analysis (Tanaka et al. 2009).

Data selection and analysis

We did qualitative and quantitative comparisons among extant and fossil specimens using
morphological characters commonly selected to describe modern Tetraploa conidia (Supplementary
Table 1). The qualitative variables, extracted from original descriptions, included conidial shape and
ornamentation. Pollen terminology used in fossil species descriptions was changed to mycological
terms using the Dictionary of Fungi (Kirk et al. 2008). The quantitative variables considered were
length and width of the conidia, number of appendages, length and width of the appendages, numbers
of septa per appendage, columns of cells present in the main body of the conidia, number of cells in
every column from the base of the conidia to the base of the appendages (Supplementary Table 1).
We used a nonmetric multidimensional scaling analysis (NMDS) to compare the species of
Tetraploa, Pseudotetraploa, and Frasnacritetrus. We used a Gower distance to calculate similarity
among taxa (Supplementary Table 2) (Gower 1971, Struyf et al. 1997). This analysis was performed
in R (R Core Team 2021).

Paleogeographic reconstruction

We compiled geographic points and geological time ranges from published data (Palynodata
2006, Supplementary Table 3). Considering that Palynodata does not include the geographic
coordinates of the localities reported, we reviewed the original references to find this information
when possible. When exact coordinates could not be found, we estimated a broad geographical
location based on the locality name found in the database or in the literature. We used GPlates 2.0.0
(Mathews et al. 2016) to plot occurrence data. GPlates is a paleogeographic mapping software based
on the plate tectonic model of Mdller et al. (2018).

Changes registered into Faces of Fungi
The transference of Frasnacritetrus to Tetraploa followed the nomenclature rules in the ICN
to publicly validate the changes according to Aime et al. (2021) and O’Keefe et al. (2021).

Results

NMDS results indicate that the fossil spores of Frasnacritetrus are more closely related to
Tetraploa than Pseudotetraploa (Fig. 1). The similarity index indicates that the taxonomy of the
fossil spores of Frasnacritetrus is ~85% similar to the spores of Tetraploa (Supplementary Table 2).
This indicates that Frasnacritetrus is included within Tetraploa, and taxonomically Frasnacritetrus
is a synonym of Tetraploa.

Position in classification
Based on Hongsanan et al. (2020) and Wijayawardene et al. (2020)
Kingdom: Fungi
Subkingdom: Dikarya
Phylum: Ascomycota
Subphylum: Pezizomycotina
Class: Dothideomycetes
Order: Pleosporales
Family: Tetraplosphaeriaceae
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Genus: Tetraploa Berk. & Broome (1850). Index Fungorum Identifier: 10199

Type species: Tetraploa aristata Berk. & Broome, Ann. Mag. nat. Hist., Ser. 2 5: 459, 1850.
Index Fungorum Identifier: 148113

Tetraplosphaeria Kaz. Tanaka & K. Hiray., in Tanaka, Hirayama, Yonezawa, Hatakeyama,
Harada, Sano, Shirouzu & Hosoya, Stud. Mycol. 64: 177 (2009)

Frasnacritetrus Taugourd., Cah. Micropaléontol. 10: 3 (1968)

Original description. “Quadriarticulate oblong spores growing four together and perfectly
connate, each crowned with an articulate seta as long as itself”.

Holotype. Ann. Mag. nat. Hist., Ser. 2 5: 459, 1850. Typification details: PI. XI, fig. 6 (loc. cit.)

NMDS2

NMDS1

Genus © Frasnacritetrus Bl Pseudotetraploa A Tetraploa

Figure 1 — Non-metric multidimensional scaling ordinations for morphological measurements of
modern species of the genera Tetraploa and Pseudotetraploa, and species of ex. Frasnacritetrus.
K = 2, non-metric fit: R>=0.999, Linear fit R? = 0.998. Shapes and colors represent different genera.
(See Supplementary Table 1 for species information and Supplementary Figs 1-2 for species level
NMDS results).

Notes — The spores described in Frasnacritetrus Taugourd. are identical to those of Tetraploa.
According to Li et al. (2020:182) “The asexual morph genus Tetraploa s. str. is characterized by
micronematous or no conidiophores, monoblastic conidiogenous cells and tetraploid conidia
composed of 4-euseptate, short-cylindrical, brown, vertical columns which are verrucose at the base,
and with 4 setose, divergent, short or long septate appendages at the apex”. Thus, no arguments
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sustain the use of the two generic names, then Frasnacritetrus is considered a later synonym for
Tetraploa.

After performing detailed morphological analysis and comparisons, we assigned fossil species to
extant ones (Fig. 1, Supplementary Fig. 1). We do not have enough morphological traits of fossil
spores to perform detailed comparisons following modern standards or the accepted polyphasic
approach for fossil species redefinitions into modern species, but we could establish synonyms within
the fossil species after new revisions of some fossil holotypes (Fig. 2). After re-studying
Frasnacritetrus massolensis, its holotype seems damaged toward the base of the conidium (Fig. 2B),
which difficult a correct assessment of the general outline of the spore, despite the similarity values
shown in Supplementary Table 2, such as its conidial body size and ornamentation pattern to assess
differences between modern Tetraploa species. Thus, F. massolensis can be defined as Tetraploa, but

the state of the conidium does not allow an accurate comparison and classification within Tetraploa
species. This fossil is a doubtful species and therefore excluded. In general, the genus Frasnacritetrus
can be considered as a synonym of Tetraploa, according to the ICN (Turland et al. 2018, Turland
2019), and here, we propose new combinations of several accepted species in Frasnacritetrus to
Tetraploa.

Taxonomy

Tetraploa josettae (Taugourd.) Nufiez Otafio, Bianchin, 1.C. Romero, Pérez Pincheira, R.K. Saxena,
& Saparrat, comb. nov.

Index Fungorum number: IF900102; Faces of fungi number: FoF13913

Basionym. Frasnacritetrus josettae Taugourd., Cah. Micropaléontol. 10: 3 (1968)

Notes — L/W: 2; Outline short cylindrical, surface verrucose, four appendages, conidial size
36-40 um length x 18-20 um width. Locality: France, Late Devonian (Frasnian); Age span: 385.3-
374.4 Ma. As mentioned before, the age of this fossil specimen and the lack of some spore traits in
the original description difficult its transference to any modern species. Comparing the spore traits
available against the rest of the fossil species we recommend keeping this species as T. josettae, until
more arguments against this could be considered as the oldest species belonging to the modern genus
based on their similarity index, in which the similarity was on average 86% (Supplementary Table
2).

Tetraploa taugourdeaui (R.K. Saxena & S. Sarkar) Nufiez Otafio, Bianchin, I.C. Romero, Pérez
Pincheira, R.K. Saxena, & Saparrat, comb. nov.

Index Fungorum number: IF900103; Faces of fungi number: FoF13912

Basionym. Frasnacritetrus taugourdeaui R.K. Saxena & S. Sarkar, Review of Palaeobotany
and Palynology (Amsterdam) 46: 213 (1986)

Notes — Ovoid outline, with the base strongly narrower than the medium conidial body (L/W:
1.5: 0.5). Could be comparable with Tetraploa aristata (original description). The holotype is not
traceable but Saxena & Sarkar (1986) provided good illustrations and descriptions.

Tetraploa conata (R.K. Saxena & S. Sarkar) Nufiez Otafio, Bianchin, 1.C. Romero, Pérez Pincheira,
R.K. Saxena, & Saparrat, comb. nov. Fig. 2A

Index Fungorum number: IF900104; Faces of fungi number: FoF13915

Basionym. Frasnacritetrus conatus R.K. Saxena & S. Sarkar, Review of Palaeobotany and
Palynology 46: 215 (1986) [MB#519773]

Taxon synonym. Frasnacritetrus jamtahensis A. Gupta, Tertiary Research 21 (1-4): 148 + pl.
5, Fig. 1 (2002)

Notes — L/W: 2.7: 1 to 2.5: 1 (oblong). We consider that the specimen described as F.
jamtahensis (Fig. 2A) belongs to T. conata. We also consider that the original illustration in Gupta
(2002:148) does not corresponds to what the author described as Frasnacritetrus conatus. Therefore,
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our comparisons were based on the description of the illustrated holotype Plate 1-4 in Saxena &
Sarkar (1986: 214), as well as on the NMDS results and similarity index (94%, Fig. 1, Supplementary
Fig. 1, Supplementary Table 2). Updated color pictures from the holotype are found in Fig. 2A.

Tetraploa indica (R.K. Saxena & S. Khare) Nufiez Otafio, Bianchin, I.C. Romero, Pérez Pincheira,
R.K. Saxena, & Saparrat, comb. nov. Fig. 2D

Index Fungorum number: IF900105, Faces of fungi number: FoF13916

Basionym. Frasnacritetrus indicus R.K. Saxena & S. Khare, Geophytology 21(1): 42 + pl. 1,
fig. 17 (1991)

Notes — L/W: 3:2, short cylindrical outline. According to the original description it has spines
on the surface, but this characteristic is not clear after reviewing the holotype which could rather be
verruculose (Fig. 2D). In Saxena & Sarkar (1986:214), Plate 1-Fig. 5 resembles T. Indica in
comparison with the color picture of the holotype. Updated color pictures from the holotype are found
in Fig. 2D.

Tetraploa siwalika (R.K. Saxena, H.P. Singh & M.R. Rao) Nufiez Otafio, Bianchin, I.C. Romero,
Pérez Pincheira, R.K. Saxena, & Saparrat, comb. nov. Fig. 2C

Index Fungorum number: IF900106; Faces of fungi number: FOF13914

Basionym. Frasnacritetrus siwalikus R.K. Saxena, H.P. Singh & M.R. Rao, Geophytology 17
(2): 277 (1987)

Notes — Spore with a triangular outline, obovoid, L/W: 2-2,69. The base of the spore could be
deflated probably due to taphonomic processes. If that is the case T. siwalika could be comparable
with T. taugourdeaui but the lack of more spores assignable to T. siwalika difficult to synonymize it.
Updated color pictures from the holotype are found in Fig. 2C.

Figure 2 — Color pictures of some fossil Tetraploa holotypes. A Frasnacritetrus jamtahensis
synonym of T. conata. B F. masolensis. C Tetraploa siwalika comb. nov. D T. indica comb. nov.
Scale bars: A, B, D =50 um, C =20 um.

193



Other tetraploid fossil spores

Several fossil tetraploid spores were designated as ‘Frasnacritetrus sp. 1 to sp. 5° after Saxena
& Sarkar (1986) provided detailed descriptions despite lacking an epithet. Following what we
propose in this article, we recommend for future research work, where similar spores could be found,
to use the modern genus name instead, such as the two fossil tetraploid spores from the Miocene of
Colombia shown in this study (Fig. 3A, B). This way the ecology of the NLR Tetraploa could be
applied for paleoecological and paleoclimatic purposes. In our NMDS analysis, Tetraploa sp. 1, sp.
2 and sp. 5 shared similar characteristics with an average similarity of 96% (Supplementary Fig. 1,
Supplementary Table 2), while Tetraploa sp. 3 and T. sp. 4 were grouped together with a similarity
of 90% (Supplementary Fig. 1, Supplementary Table 2). Therefore, considering the conservational
state of T. sp. 1 and T. sp. 2, we recommend not taking these spores into consideration for any future
comparison. The remaining spores, T. sp. 3, T. sp. 4, and T. sp. 5, cannot be comparable strictly with
Tetraploa because these only have three appendages, but they can be considered representatives of
Tetraplosphaeriaceae, a fungal family with tetraploa-like anamorphic phase.

B

Figure 3 — Fossil spores from the middle Miocene of Colombia. A Tetraploa sp. 6. B Tetraploa sp.
7. Scale bar: 10 um.

Discussion

Geological Range, Preservation and Ecology

Tetraploid fossil species have been described since the late Devonian, specifically the Frasnian
period (374.5 - 385.3 Ma), with most of the erected fossil species found during the Miocene (5.3 - 23
Ma) (Saxena et al. 2021). This coincides with the divergence of the class Dothideomycetes in the
Late Devonian, 362 Ma (286 — 476 Ma) (Beimforde et al. 2014). Despite this, the geological range
of Frasnacritetrus needs to be reviewed because of the large gap between the first record in the
Devonian and the next record during the Cretaceous (Jansonius & Hills 1987, Worobiec et al. 20009,
Pedrdo Ferreira et al. 2005). Additionally, reviewing the phylogeny of Ascomycetes, the group
Pleosporales diverged during the late Jurassic around 213 Ma (139-297 Ma), and the divergence time
of Tetraplosphaeriaceae was during the early Cretaceous (~110 Ma) which support previous
discussions about the validity of the age for the fossil specimen registered in the late Devonian (Liu
etal. 2017). A gap of almost 200 Ma in the fossil record seems unlikely (Fig. 4, SupplementaryTable
3) (Worobiec et al. 2009), but our results cannot invalidate the age of the Devonian Tetraploa fossil.
Further revisions, including other palynomorphs from the same site, need to be performed to
determine if this record should be considered a modern contaminant.
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Frasnacritetrus has been used as a biostratigraphical marker mostly in India, as paleoecological
proxy for environmental inferences around the world, such as an indicator of moist and humid
environments (Van Geel & Van der Hammen 1973, Worobiec et al. 2009, Afty et al. 2013), and as
co-occurrence with grass pollen, specifically during the Cenozoic (Kumaran et al. 2001, Saxena &
Ranhotra 2009, Worobiec et al. 2009, Corona-Esquivel et al. 2010, Saxena & Tripathi 2011, among
others). Despite the fossil name assigned to the spores, Frasnacritetrus clearly belong to Tetraploa
(Fig. 1, Supplementary Table 2). The fossil specimens generally have a poor conservational state and
commonly are designated as Frasnacritetrus sp., while stauroid spores similar to Tetraploa, found
in quaternary sediments are named Tetraploa aff. aristata (Medeanic et al. 2008, Gomez et al. 2007,
Musotto et al. 2012, among others). Despite taphonomic processes affecting fossil Tetraploa spores
from the Frasnian to the Quaternary, the components of the wall of these spores preserve key
morphological characteristics, such as shape, appendages, septations, coloration, and ornamentation,
that are comparable with modern specimens.
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Throughout the earth’s history, climatic and environmental changes affected biotic organisms,
including fungi, and modified biological communities, causing massive extinctions, as well as
dispersal and diversification events (Bender 2013, Kaiho et al. 2016, Smith et al. 2020,
Steinthorsdottir et al. 2021, among others). In fungi, these changes are observed in the fossil record
when studying the evolution of different lineages (Taylor et al. 2015, Spatafora et al. 2017, Tedersoo
et al. 2018, Naranjo-Ortiz & Gabaldon 2019). In fungal spores, such as Tetraploa, it appears that the
general morphology has been conserved for at least ~110 Ma, facilitating ecological inferences of
past depositional environments (Fig. 5) (Taugourdeau 1968, Saxena & Sarkar 1986, Saxena &
Trivedi 2009, Saxena & Tripathi 2011, among others). The modern ecology of Tetraploa indicates a
saprotroph growing on grasses, mostly Poaceae, dead stems of herbaceous plants, branches, twigs of
Bamboo, Cocos nucifera, rotten wood, and on decay submerged wood in freshwater habitats in
tropical to subtropical regions (Ellis 1949, Ando 1992, Révay 1993, Watanabe 2002, Pratibha & Bhat
2008, Tanaka et al. 2009, Li et al. 2021, among others). Thus, modern representatives of
Tetraplosphaeriaceae can be considered modern analogs or NLRs of fossil tetraploid-like spores in
future paleoecological research and paleoenvironmental reconstructions. This could also suggest that
the initial main host where fossil Tetraploa grew and evolved were grasses (Poaceae crown group
age ~101Ma (early Cretaceous), Huang et al. 2022), and host substrate preferences evolved from
narrow to wider.
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Figure 5 — Geological range of fossil and extant spores of Tetraploa during the time gap Quaternary-
Late Devonian. The question mark on T. josettae indicates doubt about the age of this record. The
red stars indicate mass extinction events. The dotted line indicates the estimated time for the origin
of the Phylum Ascomycota (Shen et al. 2020). The dashed line indicates the divergence time for
Tetraplosphaeriaceae (Liu et al. 2017).
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Pigments of Tetraploa spores and their long-lasting presence in the fossil record

Fungi can synthesize a broad spectrum of pigments, such as polymeric ones which are the most
likely to persist in the fossil record because of their chemical stability and resistance to morphological
alterations, among these pigments are sporopollenin and melanins (Brooks & Shaw 1978, Nitiu et al.
2022). Both pigments are structurally complex and made up of a diversity of aromatic and/or aliphatic
residues, these are also highly resistant to degradation under different environmental stresses, such
as water deficit, salinity (turgor pressure), wounding, and pathogen attack. This is because these
pigments work as major extracellular hydrophobic barriers and as structural components that
maintain the integrity of the architecture of the cell wall (Feofilova 2010, Glass et al. 2012, Nufiez
Otafio et al. 2021). To date, sporopollenin has not been reported for any representatives belonging to
Pleosporales, known as the brown-pigmented ones (Martinez-Giron & Martinez-Torre, 2011).
However, different classes of melanins have been found in this group and in other orders from the
Class Dothideomycetes (Toledo et al. 2017, Nitiu et al. 2022). Sporopollenin has been found only in
ascospores of Neurospora crassa, N. tetrasperma (Sordariales) and in the conidia of Aspergillus
niger and Penicillium brevi (Eurotiales) (Gooday et al. 1974, Brooks & Shaw 1978, Webster &
Weber 2007).

Some Pleosporales, synthesize mostly 1,8-dihydroxynaphthalene (DHN) melanins, which
accumulate in the cell wall of conidia and hyphae, such as those reported in the genus Alternaria. In
this genus, specifically, A. alternata has also been reported its capacity to synthesize pyomelanin, a
different type of melanin, when it is inhibited the synthesis of DHN-melanin, decreasing the cell wall
chitin content and the thickness of its structures (Fernandes et al. 2021). Considering that pyomelanin
biosynthesis can be activated during the catabolism of aromatic amino-acids, such as L-tyrosine or
L-phenylalanine, which involves also auto-oxidation reactions followed by self-polymerization, this
opens a question about if there is some possible relationship between proteases-driven autolysis
processes in spores exposed to fossilization and the melanization of these diaspores. Fungal autolysis
is a natural process of self-digestion of aged structures, that generates micromorphological changes
due to hydrolase activity, including modifications in the cell wall (Perez-Leblic et al. 1982, White et
al. 2002). The generation of free amino acids in dying fungal structures during diagenesis can lead
also to the probable deposition of pyomelanin on the cell wall through the L-tyrosine catabolic
pathway. In consequence, early ontogenetic stages of fungal spores with pyomelanin and with a low
relative amount of structural DHN-melanin such as reported by Fernandes et al. (2021) in modern
analogs of A. alternata, could generate morphogenetic alternations during the process of diagenesis,
such as damaged and collapsed cell walls, and lacking septa in the remaining structures. It is known
that the absence or reduction of DHN-melanin in specific fungal structures is associated with the
release of soluble substances, principally glucose and N-acetylglucosamine. These substances
increase the synthesis of p-glucans and their accumulation in the cell walls, possibly as a salvage
compensatory mechanism, which makes the fungal cell wall more fragile (Perez-Leblic et al. 1982,
Fernandes et al. 2021). Consequently, the intraspecific comparisons of fossil and extant taxa based
only on spore morphology and pigmentation must be done with caution.

Fungal melanins can be synthesized through different metabolic pathways that involve
polyketide synthases and/or oxidative enzymes, such as laccase and/or tyrosinase, that catalyze a
specific set of reactions, resulting in polymers that vary in composition, ultrastructure, and color on
spores and other propagules (Toledo et al. 2017). In in-vitro cultures of Tetraploa aristata on three
different substrates, lignin (aromatic), glucose (non-aromatic), and sacarose (non-aromatic), has been
found that only in lignin the mycelium of T. aristata produced coloration (Saparrat et al. 2002). This
coloration suggests that the production of heterogeneous melanins on the mycelium is a strategy to
detoxify soluble aromatic compounds derived from lignin attack (Saparrat et al. 2002).

There are numerous reports of fossil fungi assigned to Tetraploa, which at the same time show
their spores with a broad spectrum of brown coloration, ranging from light brown to dark brown, and
with differential preservation status (Taugourdeau 1968, Saxena & Sarkar 1986, Gupta 2002, among
others). Zhao et al. (2009) also reported more than 10 species of Tetraploa, with a range of
pigmentation at the conidial system, that comprises from hyaline forms to pale brown ones. Saparrat
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et al. (2002) and Li et al. (2021) reported that in Tetraplosphaeriaceae, three strains of this group,
including Tetraploa aristata LPSC 419, have the ability to synthesize laccases, whose activity is
associated with aromatic substrates related to lignin. The polymerization of aromatic compounds
associated with the fungal structures of Tetraplosphaeriaceae and its biological function in these, can
suggest that the presence of these fungi in the fossil record and its color variation can be used as a
paleoenvironmental proxy associated with recalcitrant substrates.

Melanins synthesized by Tetraploa during the sporulation process are probably 1,8 DHN-one
(Saparrat et al. 2002), while melanin granules in the external layer of the spore wall of Tetraploa
might correspond to pyomelanin and/or a heterogeneous-type. The variation in the synthesized
melanins is the result of a series of autolysis processes and of other chemical transformation reactions,
including condensation and polymerization, such as Maillard-type, where amino acids react with
reduced sugars to produce molecules with brown colors, according to the formation of humic-type
aromatic polymers (“The Browning theory”; Bicchieri et al. 2002). On the other hand, ontogenetic
studies on ascospores of Massarina species (Massarinaceae, Pleosporales) revealed that initially no
melanin-like bodies have been observed in the spore wall (episporium), producing hyaline ascospores
(Scheuer, 1991), but the pigmentation was present in mature spores (Tsui et al. 1999). Thus, this
polymerization, after spore morphogenesis, could explain the pigmentation variation of fossil spores
of Tetraploa. The generation of all these pigmented polymers or melanoidins, which can also be
stimulated during the postmortem processes, driven mainly by thermal maturity reactions, could
contribute to the basis of the broad spectrum in the color variation of fossil spores of Tetraploa despite
their morphological variability (Glass et al. 2013, Toledo et al. 2017). In addition, spores with
pigmented walls have higher density, acting in favor of a faster deposition rate (Rees 1980, Tyson
1995, Quattroccio et al. 2018), fossilization, and differential resistance to reworking (Pross et al.
2007), increasing its recovery in palynological samples.

Additional changes in the coloration of fossil spores of Tetraploa can also be explained by
three processes: 1) a differential accumulation of dark pigments or biosynthetic melanins in the walls
during the ontogenesis of the spore, 2) polymerization of fungal extracellular metabolites available
from leachate and derived from the senescence and autolysis of the spores, 3) generation of new
chromophores on their native structure of melanin, caused by metal-driven oxidative polymerization
due to the higher reactivity of substances from sediments where the spores were buried (Glass et al.
2013, Saitta et al. 2018). The last two processes are triggered by digenetic events, such as low
sedimentation rate, exposure to anoxic conditions, and low metamorphism which involve
temperature, pressure, burial depth, and time (Molina 1996, Fernandez Ldpez 2000, Glass et al. 2013,
Njoh & Tembi 2017, Jung et al. 2009, Jander-Shagug & Masaphy 2010, Cordero et al. 2020, Nitiu
et al. 2020). Thus, biosynthetic melanins and equivalent polymers in pigmented fungal fossils such
as those in Tetraploa, found in the fossil record, could be one of the main components that contribute
to the preservation of spores’ structures and color variations within the same genus, despite some
degree of morphological differences. It is known that chitin associated with pigmented cell walls
could be the main scaffold to cross-link melanins to the cell wall suprastructure, such as demonstrated
previously in other fungi (Walker et al. 2010, Camacho et al. 2017). Future investigations must be
focused on such specific fungal melanins to analyze if they are severely altered during fossilization,
and how is their residual chemistry in fossil spores. This information could help to highlight the
diagnostic value of some fungal melanins, either associated with fossil spores or isolated within
sedimentary rocks, to be useful as “molecular” fossils such as suggested by Briggs and Summons
(2014), or as a biomarker for the study of evolution (Strycker et al. 2021).

Conclusions

There is confusion concerning the dates of the older Tetraploa, with T. josettae (374.5-385.3
Ma), possibly being a modern contaminant. It is therefore advisable to use the fossils of T. conata
and T. indica from the Cretaceous to early Paleocene as calibration points in evolutionary
reconstructions, such as that of Samarakoon et al. (2019). These two-fossil species are among the
few fungal fossil taxa from the Mesozoic within the Dothideomycetes lineage.
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Taking the Tetraploa fossil records into account, along with other palynofossil evidence at the
different regions where the species were found, we can speculate that the evolution of Tetraploa is
in accordance with the geological age already published for Tetraplosphaeriaceae in the late Jurassic
to early Cretaceous. Probably this genus evolved from growing on herbaceous plants, mainly
Poaceae, to other substrate preferences. Taxa may have had a paleogeographic distribution in warm
— tropical to subtropical paleoclimates in marshy to shallow pond environments and/or freshwater
habitats. The palaeogeographical distribution and climatic preferences coincide with those of extant
species of Tetraploa but with a less diverse substrate preference for saprotrophic growth.

The synthesis and accumulation of melanins in fossil spore wall during diagenesis, such as
morphogenesis and/or postmortem processes of polymerization, could be the main reasons to explain
the presence of Tetraploa in the fossil record. Since the association between melanin and chitin
synthesis is a general principle for dark-pigmented representatives in the fungal kingdom, studies on
melanins in fossil fungi are key to understanding the preservation of several extant spore traits since
the Cretaceous.
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Supplementary Figure 1 — Species level NMDS results. Symbols indicate different genera:
Frasnacritetrus (Square), Pseudotetraploa (Triangle), and Tetraploa (circle). Species numbers in

Supplementary Table 1.
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Supplementary Figure 2 — Stress values from NMDS analysis in Supplementary Figure 1.
Below is the link to the electronic supplementary materials.

Supplementary Table 1 List of species, quantitative, and qualitative variables considered for the
morphological analysis.

Supplementary Table 1

Supplementary Table 2 Gower distance showing similarity values among taxa.

Supplementary Table 2

Supplementary Table 3 Fossil Tetraploa species records with age, locality, and reference
information.

Supplementary Table 3
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