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Abstract

The members of the Mammalia class experienced high ecological, morphological and taxonomic diversification
during the Cenozoic Era. With technological advances in molecular paleontology in recent decades, many claims for
the exceptional preservation of nonmineralized biomaterials have been made for this clade. However, these data are
scattered in the literature and have associated such reports with unique and rare events. This study presents a review
of the literature published in the last six decades, aiming to investigate the frequency with which vestigial of
nonmineralized biomaterials are found in Mammalia fossils. The results identified 79 published studies describing
endogenous biocomponents in Metatheria and Theria members. Of these, protein fragments were more frequent in
sedimentary deposits (33.3%), and ancient DNA sequences were more frequent in depositional environments more
favorable to exceptional preservation (53.1%), such as ice and cave deposits. The data on organic material for
mammalian fossils are geographically and taxonomically comprehensive, with the superordinates Laurasiatheria and
Afrotheria presenting the largest number of reports. With the emergence and improvement of new techniques for the
recovery of organic material, it is believed that paleomolecular information for fossil mammals should increase, in
addition to broadening the understanding of taphonomic factors related to exceptional preservation.

Keywords: Taphonomy; Ancient DNA; Paleogenomics; Ancient proteins; Paleoproteomics.

Resumo

Os membros da classe Mammalia sofreram uma alta diversificagdo ecolégica, morfoldgica e taxonémica durante a
Era Cenozoica. Com 0s avancos tecnoldgicos em Paleontologia Molecular nas Gltimas décadas, muitas reivindicacbes
de preservacdo excepcional de biomateriais ndo mineralizados foram realizadas para este clado. Entretanto, esses
dados estdo espalhados na literatura e tém associado tais relatos a eventos Unicos e raros. Este trabalho apresenta uma
revisdo da literatura publicada nas Gltimas seis décadas, tendo por objetivo investigar a frequéncia com que vestigios
de biomateriais ndo mineralizados sdo encontrados em fdésseis de Mammalia. Os resultados identificaram 79 trabalhos
publicados descrevendo biocomponentes endogenos em membros de Metatheria e Theria. Destes, os fragmentos de
proteinas foram mais frequentes em depdsitos sedimentares (33,3%) e os de sequéncias de DNA antigo mais
frequentes em ambientes deposicionais mais favoraveis a preservacdo excepcional (53,1%), tais como depdsitos de
gelo e caverna. Os dados relativos a material organico para fosseis de mamiferos sdo geografica e taxonomicamente
abrangentes, com as superordens Laurasiatheria e Afrotheria apresentando a maior quantidade de relatos. Com o
surgimento e aperfeicoamento de novas técnicas de recuperacdo de material organico, acredita-se que informacges
paleomoleculares para mamiferos fosseis deverdo aumentar, além de ampliar o entendimento dos fatores tafondmicos
relacionados a preservacdo excepcional.

Palavras-chave: Tafonomia; DNA antigo; Paleogendmica; Proteina antiga; Paleoprotedmica.


http://dx.doi.org/10.33448/rsd-v11i14.36739

Research, Society and Development, v. 11, n. 14, e533111436739, 2022
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v11i14.36739

Resumen

Los miembros de la clase Mammalia experimentaron una gran diversificacion ecoldgica, morfoldgica y taxondmica
durante la Era Cenozoica. Con los avances tecnoldgicos en Paleontologia Molecular en las ultimas décadas, se han
hecho muchas afirmaciones de conservacién excepcional de biomateriales no mineralizados para este clado. Sin
embargo, estos datos estan dispersos en la literatura y han asociado dichos informes con eventos Unicos y raros. Este
trabajo presenta una revision de la literatura publicada en las Gltimas seis décadas, con el objetivo de investigar la
frecuencia con la que se encuentran rastros de biomateriales no mineralizados en fésiles de mamiferos. Los resultados
identificaron 79 trabajos publicados que describen biocomponentes endégenos en miembros de Metatheria y Theria.
De estos, los fragmentos de proteinas fueron mas frecuentes en depositos sedimentarios (33,3 %) y los de secuencias
de ADN antiguas fueron mas frecuentes en ambientes de depdsito mas favorables a la conservacion excepcional (53,1
%), como depositos de hielo y cuevas. Los datos relacionados con el material organico de los fésiles de mamiferos
son geogréafica y taxonémicamente completos, y los superérdenes Laurasiatheria y Afrotheria tienen la mayoria de los
informes. Con la aparicién y mejora de nuevas técnicas de recuperacion de materia organica, se cree que debe
aumentar la informacién paleomolecular de los mamiferos fosiles, ademas de ampliar la comprensidn de los factores
tafondmicos relacionados con la conservacién excepcional.

Palabras clave: Tafonomia; ADN antiguo; Paleogendémica; Proteina antigua; Paleoproteémica.

1. Introduction

Geological and paleontological evidence from the Cenozoic Era (65 Ma - present) indicates that this time interval
showed, from its beginning, a high ecological, morphological and taxonomic diversity of mammals (Mammalia clade)
(Benevento et al., 2019). This phenomenon is interpreted as the result of the ecological release of this group after the extinction
of many other species, including non-avian dinosaurs, during the Cretaceous/Paleogene (K/Pg) transition, which marks the
beginning of the Cenozoic Era (Slater, 2013).

Due to this rapid radiation experienced in a relatively short time, reconstructing the phylogenetic relationships of the

clades of this taxonomic group proved to be particularly difficult (Romiguier et al., 2013; Morgan et al., 2013; Tarver et al.,
2016; Benevento et al., 2019; Phillips & Zakaria, 2021). This occurs because, during this geological time, there are few
accumulated phylogenetic signals and, when present, are almost always obscured by subsequent substitutions that probably
occurred long after the speciation event (Benevento et al., 2019).
To provide more signals for the phylogenetic resolution of animals that experienced rapid radiation, as in this case, in recent
years, cladistic reconstruction analyses have used genomic and proteomic scale data, as they were, for example, in tetrapods
(Amemyia et al., 2013; Irisarri & Meyer, 2016), modern birds (Jarvis et al., 2014) and in the mammals themselves (Benevento
et al., 2019; Phillips & Zakaria, 2021). However, the data obtained are uncertain and inconclusive for mammals (Benevento et
al., 2019).

As the divergence between the main mammalian strains seems to have occurred in a period between 1 to 4 million

years (Ma) only (Halstrém & Janke, 2010) and the phylogenetic analyses using modern samples, as mentioned above, are
unsafe, the exceptional preservation of endogenous biomaterials in fossils can provide biomolecular information with high
potential for phylogenetic use for the group (Alves & Machado, 2021a) and contribute to solving some common problems
identified in all phylogenetic studies.
It is worth noting that even if the fossil record of mineralized bone elements of mammals is highly abundant, in turn, in the
field of molecular paleontology, which is intended to recover, analyze and characterize nonmineralized biomaterials in fossils
(Schweitzer, 2003), the report of findings of this type of material in the group, which has been done since the 1960s (L.ittle et
al., 1962; Wyckoff et al., 1964; Ho, 1965), is still dispersed in the literature and has associated this phenomenon with isolated
and exceptional events (Gomes et al., 2021a, 2021b).

As the focus of this study is nonmineralized biomaterials, these can be represented in the fossil record by traces of soft

tissues, cells, biomolecules and/or their degraded products, which are not originally biomineralized tissues (such as bones and
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carapaces). For this reason, they were not replaced by the authigenic minerals present in the sediments during the fossil
diagenesis (Schweitzer, 2003; 2004; Alves & Machado, 2020, 2021b; Alves, 2022).
Several types of vestigial biomaterials have already been found in fossils of various taxa (Thomas & Taylor, 2019; Alves &
Machado, 2020, 2021a, 2021b, 2021c; Gomes et al., 2021a, 2021b) and are exemplified by epithelial and connective tissues
and blood, structures of blood vessels, erythrocytes, osteocytes, biomolecules such as proteins, lipids, melanin pigments,
peptide and amino acid sequences and even intracellular compounds chemically consistent with nuclear and mitochondrial
DNA (Alves & Machado, 2020; Bailleul et al., 2020, 2021; Reest & Currie, 2020).

Given the degree of relevance of the findings of endogenous biological materials in the fossil record, this study aims
to investigate the frequency of the claimed findings of nonmineralized biomaterials in fossils of the Mammalia clade from

Cenozoic deposits.

2. Materials and Methods

We conducted a narrative review of the literature. This type of study allows to describe and analyze the state of the art
on a given subject, without, however, requiring the establishment of a rigorous and replicable methodological path in terms of
data reproduction and numerical answers to specific questions (Vosgerau & Romanowsk, 2014). On the other hand, it is a
fundamental methodology for acquiring and updating knowledge on a specific subject, in order to highlight themes that have
received little attention in the available literature (Rother, 2007).

The descriptors “mammals”, “Cenozoic fossils”, “Soft tissue”, “Exceptional preservation”, “Ancient protein” and
“Ancient DNA” were used to search for articles, isolated or in combination, in Portuguese and English. The search was
conducted in peer-reviewed journals available in the SCIELO, CAPES and PubMed databases, with a search time interval of
approximately six decades (from 1962 to 2021). When there was no specific literature on the subject in the aforementioned
platforms, the search for Google Scholar was expanded.

The search resulted in the construction of two categorical tables, which describe the main information available in the
publications about claims of traces of nonmineralized biomaterials in fossils of the Mammalia clade of the Cenozoic Era. Table
1 (consult supplementary material, hereinafter SM) consists of information from findings from sedimentary deposits (fluvial,
marine, lacustrine, for example) and depositional environments considered to be unfavorable for the preservation of original
biomaterials (Simdes et al., 2014) since in these environments, biocomponents are exposed to environmental degradation
factors, such as high temperatures, pressures that occur during the diagenesis of rocks, seasonality of temperature, humidity,
solar radiation and biotic agents (Sansom, 2014; Alves, 2022). In contrast, Table 2 (SM) contains data on findings from
different taphonomic contexts, such as tar wells, amber preservation, glacial deposits and caves, widely understood as
deposition environments more favorable to the conservation of biomolecular structures, cells and tissues (Gobbo & Bertini,
2014).

The following exclusion criteria were used for the two tables: (a) articles that claimed the presence of totally or
partially mineralized biomaterials, i.e., in which the biological material was replaced by the autogenous minerals of the
sediments during fossildiagenesis; (b) articles that claimed the presence of endogenous biomaterials of hard parts (such as
biominerals constituting skeletal parts or carapaces); (c) articles that claimed the presence of nonmineralized biomaterials in
mammalian fossils from non-Cenozoic fossil layers; (d) articles that claim degradation products of organic molecules, however
only showed organic chemical elements, such as organometallic and organosulfurized; (e) articles that claimed nonmineralized
biomaterials, but that showed signs of microbial mimicry or exogenous geochemical precipitates; (f) articles that, although

they described the presence of nonmineralized biomaterial in the research interest groups, did not present detailed information
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about the finding; and (g) articles that did not use analytical techniques for recovery, analysis and characterization of
endogenous biological materials.

3. Theoretical Foundation

For the categorization of the findings of nonmineralized biomaterials by taxonomic groups of the Mammalia clade,
the phylogenetic hypothesis developed by Phillips and Zakaria (2021) was used as a basis. When it was not possible to find
information in this proposal about the phylogenetic grouping of the clade, the taxonomic base collected in the scientific articles
that described the findings was used.

According to the phylogenetic hypothesis developed by Phillips and Zakaria, the Mammalia clade comprises all
animals represented in Prototheria (the monotremes Ornithrohyncus and Tachyglossus) and in Theria, the most diversified
clade. This, in turn, comprises the Metatheria (marsupial) and Eutheria (placental) groups. Eutheria, which is the clade with the
largest number of representatives, includes four superorders: Euarchontoglires, Laurasiatheria, Xenarthra and Afrotheria
(Figure 1). In the proposal developed by Phillips and Zakaria (2021), Euarchontoglires appears as a sister taxa to
Laurasiatheria.

Figure 1 - Phylogenetic proposal regarding the origin and diversification of the Mammalia clade. Evolutionary hypothesis

constructed with the use of the mitogenomic phylogeny of ancient and currently living species.
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Therefore, based on the aforementioned phylogenetic proposal, we grouped the different findings of remaining

nonmineralized biomaterials by taxonomic groups belonging to subclades within the main clades Metatheria and Eutheria.
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4. Results and Discussion
4.1 General characterization of the findings

Regarding the numbers of publications per decade, the results can be seen in Figure 2. We observe that the works with
claims of nonmineralized biomaterials began to be published in the early 60s, but remained scarce until the 2000s, with a set of
19 articles published in four decades. Since the beginning of the new century, the number of publications has increased,
reaching 60 studies published in just two decades. This evolution is probably due to the official establishment of Molecular
Paleontology as a research field in the early years of the 21st century and the introduction of new paleomolecular research
techniques (Alves, 2020; Alves, 2022). With technological advances and new fossil discoveries, the trend will be that this

frequency will continue to increase in the coming years.

Figure 2 - Published studies claiming traces of nonmineralized biomaterials found in fossil mammals from different Cenozoic

taphonomic contexts, organized by decade. Observation: it was decided to keep the year 2021 in the 2010s.

40
30
;,?
g 20
o
<5}
3
10
0
1961t0 1970 1971t01980 1981t01990 1991to 2000 2001 to 2010 2011to2021*
Decade

Source: Authors (2022).

In this study, 43 articles were identified that report findings of original biocomponents of the Mammalia clade in
fossils recovered from sedimentary deposits little favorable to exceptional preservation (Table 1 of SM) and 36 articles with
claims from other taphonomic contexts more favorable to this type of preservation. (Table 2 of the SM). Of these, there was a
great diversity of types of nonmineralized biomaterials recovered from sedimentary deposits, with collagen traces being the
most abundant (33.3%), followed by noncollagenous protein samples (20.4%) and distantly by genomic fragments of
mitochondrial DNA (mtDNA) and nuclear DNA (nuDNA) (13.0%) (see Figure 3A). For findings of environments favorable to
exceptional preservation, the genomic samples of mtDNA, nuDNA and ribosomal DNA (rDNA) led the claims (53.1%) in

relation to the second most frequent biomaterial, collagen fragments (18.8%). (Figure 3B). It is worth noting that some articles


http://dx.doi.org/10.33448/rsd-v11i14.36739

Research, Society and Development, v. 11, n. 14, e533111436739, 2022
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v11i14.36739

reported more than one type of endogenous biomaterial, as well as more than one type of analytical technique and more than

one fossil analyzed, causing the data to overlap the number of published articles synthesized in both tables.

Figure 3 - Frequency of the main types of nonmineralized vestigial biomaterials found in fossils of the Mammalia clade,

recovered from the Cenozoic Era. (A) Biomaterials recovered from sedimentary deposits; (B) Biomaterials retrieved from

other taphonomic contexts more favorable to exceptional preservation.
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There was also a wide range of analytical techniques used, with 44.7% being of chemical nature, 27.7% biological
and 27.7% optical, for findings in sedimentary deposits (Figure 4A) and 51.7% of biological nature, 34.5% chemical and

13.8% optical, for findings of taphonomic contexts more favorable to exceptional preservation (Figure 4B).
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Figure 4 - Frequency of the main groups of analytical techniques used in the detection of traces of nonmineralized
biomaterials found in fossils of the Mammalia clade recovered from the Cenozoic Era. (A) Techniques used in fossil samples
of sedimentary deposits; (B) Techniques used in fossil samples from other taphonomic contexts more favorable to exceptional

preservation.
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Source: Authors (2022).

In a deeper and more specific analysis, the analytical technique most frequently employed in the detection of
endogenous biomaterials in fossils from sedimentary deposits was liquid chromatography coupled to mass spectrometry (LC—
MS/MS), with 13.3% of the results, followed by mass spectrometry, flight time of matrix-assisted laser desorption/ionization
(MALDI-TOF), with 12.2%, and by tandem mass spectrometry (MS/MS), with 9.2% (Figure 5A). For mammalian fossils from
deposits more favorable to exceptional preservation, the polymerase chain reaction (PCR) technique stood out from the others,
occupying 12.5% of the results, ahead of the Shotgun (SS) sequencing, with 8.0%, and multiplex PCR (MPX PCR) and
pyrosequencing (PSQ), both with 6.8% (Figure 5B).
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Figure 5 - Frequency of analytical techniques used in the detection of traces of nonmineralized biomaterials in fossils of the
Mammalia clade recovered from the Cenozoic Era. (A) Techniques applied to fossils from sedimentary deposits; (B)

Techniques applied to fossils from taphonomic contexts more favorable to exceptional preservation.
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Regarding the Periods of the Cenozoic Era, the Pleistocene presented the highest number of original biomaterials, that
is, 82.1% of the total for fossils of sedimentary deposits (Figure 1.2 of the SM) and 91.3% for fossils from other taphonomic
contexts more favorable to preservation (Figure 2.2 of the SM). Regarding the deposition environments, there was a tendency
to lack information in the articles regarding the specifications of the type of depositional environment and rock type, especially
in the older ones (see Tables 1 and 2 of the SM). Of the articles that reported such information, for sedimentary environments,
fluvial and alluvial deposits and gravitational flow were more frequent (8.0, 6.0 and 6.0%, respectively) (Figure 1.3 of the
SM). For environments of other taphonomic contexts more favorable to preservation, the karst (caves) and periglacial
(permafrosts) deposits prevailed, with 33.9 and 23.7% of cases, respectively (Figure 2.3 of the SM).

Of the articles in Table 1 of the SM that mention, in addition to the sedimentary environment, the type of rock in
which the fossil was preserved, 24.1% of them reported sandstone, followed by claystone, siltite and gravel, all with the same
proportion of 17. 2% (Figure 1.4 of the SM). These results are consistent with what recent studies have shown, i.e., that the
rapid burial of the organism or its carcass in a sandstone environment seems to favor exceptional preservation in relation to
other sedimentary deposits, such as clay and schist, although the real reason is still unknown (Schweitzer et al., 2007b, 2009,
2019). To date, there is only one hypothesis proposed by Schweitzer et al. (2019), which refers to the porous nature of sand,
which would facilitate the rapid dispersion of suppurating fluids (which are rich in microorganisms and degrading enzymes),
thus facilitating the conservation of endogenous structures of living beings during the formation of the fossil.

In general, the findings are comprehensive and widely distributed. The data shown in Table 1 of the SM show that,
with the exception of Africa, Oceania and Antarctica, all other continents have claims of endogenous biocomponents in fossil
mammals (the United States is the country with the largest number of reports), as shown in Figure 6A. Similarly, the data in
Table 2 of the SM reveal that nonmineralized biomaterials were found in representatives of the taxon studied in all continents
of the world (except Antarctica), as shown in Figure 6B. Russia, more specifically the Siberia region, has the largest number of
reported findings (31 in all), probably because this region represents one of the few areas of the globe in which layers of
permafrosts older than the Holocene remain, together with the Yukon Valley in Canada and Antarctica (Liang et al., 2022).
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Figure 6 - Global distribution of different types of nonmineralized vestigial biomaterials found in fossil mammals recovered
from Cenozoic deposits. (A) sedimentary deposits; (B) deposits of taphonomic contexts more favorable to exceptional

preservation.
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Source: Authors (2022).

Next, the results obtained are discussed and summarized in the tables for the Mammalia clades, in which

nonmineralized biomaterials were identified.
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4.2 Metatheria

The subclass Metatheria comprises marsupial mammals, which diverged from members of the subclass Eutheria in the
second half of the Lower Cretaceous (130.7-120 Ma) or even earlier, according to some indications (Bi et al., 2018). Although
marsupials represent animals that have undergone much less radiation than placentals, they fascinate researchers due to their
highly specialized reproductive biology and the wide distribution of fossils on all continents (Eldridge, 2018). The metatherian
fossils are distinguished from the euteriums by the shape of their dentition: they have four pairs of molar teeth in relation to the
maximum of three pairs of euteriums (Benton, 1997; Bi et al., 2018). In the search, few records of nonmineralized biomaterials

were found in this clade, all restricted to the superorder Australidelphia.

4.2.1 Australidelphia

The superorder Australidelphia comprises four orders, Notoryctemorphia, Peramelemorphia, Dasyuromorphia and
Diprotodontia. The few endogenous organic materials recorded for this taxon are exclusive to taphonomic environments more
favorable to exceptional preservation (in this case, swamps and caves). The first record was made by Rowley et al. (1986) of
two kangaroos of indeterminate species of the family Macropodidae, order Diprotodontia, of the Upper Pleistocene (129-11.7
Ka). Collagen was identified in bone fragments not determined in the article using biological techniques based on monitoring
antigen-antibody interaction, radioimmunoassay (RIE) and western blot (WB), which are based on well-documented
specificity and sensitivity of the vertebrate immune response (Lowenstein & Scheuenstuhl, 1991). The specimens were
recovered from a marshland and a cave in Australia.

Another published study used chemical and biological analytical techniques, such as real-time quantitative PCR
(gPCR), SANGER sequencing and pyrosequencing, and identified the presence of mtDNA sequences of several bone
fragments from fossil specimens of animals of the Diprotodontia (red kangaroo and kangaroo rat) and Dasyuridae (eastern
quoll and tiger cat) families from the Upper Pleistocene (Haouchar et al., 2014).

The fact that there are few reported discoveries of nonmineralized biomaterials in metatherian mammals is probably
due to the numerous gaps in the fossil record, and most taxa are known only from dental remains (Eldridge, 2018). Australia,
for example, has few fossiliferous sites that preserve mammals since the emergence of the Paleogene, a period in which this
group began to diverge (Duchéne et al., 2018). Even so, these discoveries, although few, demonstrate the potential of seeking
to recover and analyze more metatherian fossils in caves, and Australia may be a location that can provide additional sources

of information for paleomolecular investigations of vertebrates.

4.3 Eutheria

The infraclass Eutheria comprises placental mammals, which, unlike metatherians, have undergone high adaptive and
morphophysiological diversification, reaching a community of more than 4,000 existing species (Mess, 2014). The analysis of
molecular data sets led to a revolution in the phylogeny of this group, which was previously based only on morphological data
(Archibald, 2003); now, the infraclass is divided into four superorders: Euarchontoglires (rodents, lagomorphs, primates,
shrews, flying lemurs) that evolved independently across continents; Laurasiatheria (carnivores, cetartiodactyls, pangolins,
bats) that evolved mainly on the continents of the Northern Hemisphere; Afrotheria (elephants, manatees, aardvark, elephant
shrews, tenreks) that originated in Africa; and Xenarthra (sloths, anteaters, armadillos) whose main distribution area is South

America (Mess, 2014). During the search, several reports of endogenous biomaterials were found in fossils of this clade.

11


http://dx.doi.org/10.33448/rsd-v11i14.36739

Research, Society and Development, v. 11, n. 14, e533111436739, 2022
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v11i14.36739

4.3.1 Euarchontoglires

This superorder currently comprises five orders of the Mammalia clade: Lagomorpha (rabbits and hares), Rodentia
(rodents), Primates (primates), Dermoptera (colugos) and Scandentia (tupias) (Vander Linden et al., 2019). There are notable
differences between the locomotor modes of the orders, including fossorial, ricocheted, arboreal, terrestrial and gliding
locomotion (Geng et al., 2020), which can be found in more than one order, as in the case of the arboreal mode, which is
present in Scandentia, Rodentia and Primates (Vander Linden et al., 2019). These forms of locomotion have long been studied
as a field of investigation of morphophysiological convergence (Geng et al., 2020).

Of the findings of this clade, Kuch et al. (2002) identified, through the PCR technique, the presence of mtDNA
fragments in a coprolite of the species Phyllotis limatus from the Upper Pleistocene of Chile in a sedimentary depositional
environment of gravitational flux. By similarly studying a specimen recovered from the sedimentary environment, Cleland et
al. (2016) analyzed, through hybrid Fourier transform mass spectrometry (hybrid FTMS), the nasal shells of a giant beaver
Castoroides ohioensis from the Upper Pleistocene found in the United States and identified the presence of collagen from type
1, a biomaterial that apparently has a greater preservation potential than most proteins in sedimentary deposits, as our results
showed (see Figure 3A). This is most likely because collagen is the main protein component of bones (Bray et al., 2020) and
because it is a biomolecule with a triple-helix fibrous structure, whose long peptide chains intertwine to form fibrils, making it
highly resistant to fossildiagenesis (Rana, 2016).

Regarding taphonomic environments more favorable to the preservation of nonmineralized biocomponents,
nonnucleated red blood cells were found, supposedly of a Platyrrhini species, present inside the digestive tract of an amber-
encapsulated tick dated to 20 Ma and recovered from a turbiditic sandstone deposit in the Dominican Republic (Poinar, 2017).

The results for Euarchontoglires reveal that, compared to other superordiaes of Theria, there are few reports of
nonmineralized biomaterials in fossils for this clade. This trend may be a consequence of a shortage of fossil samples available
for the taxonomic group (Beck & Baillie, 2018) or, perhaps, a lack of interest or resources to perform biochemical analyses in
fossil samples of the clade. However, even so, the data obtained are in accordance with what was expected, that is, that most of
the findings were from Rodentia, as it is the order of Euarchontoglires with the greatest amount of fossils ever found
(Fostowicz-Frelik et al., 2021), and in this analysis they represented more than half of the findings of nonmineralized

biomaterials (2 of the 3 reports).

4.3.2 Laurasiatheria

This superorder represents a group of mammals that originated in the supercontinent Laurasia, currently comprising
six orders, namely, Cetartiodactyla (cetaceans and artiodactyls), Perissodactyla (hippos, equidae, tapirs and rhinos), Pholidota
(pangolins), Carnivora (ursids, felines) and mustelids), Chiroptera (bats) and Eulipotyphla (solenodonts, moles, shrews and
hedgehogs).

This clade is seen as the top of the challenges for the establishment of phylogenetic relationships between mammalian
taxa (Hu et al., 2013), since, except for Eulipotyphla, all other orders diversified in a short period from 1 to 4 million years
(Hallstrom & Janke, 2010; Zhou et al., 2012). In the absence of a few genes with a strong phylogenetic signal related to the
divergence of laurasiatherians, many phylogenomic hypotheses have been proposed (for example, only in the last decade:
Hallstrém et al., 2011; Mccomarck et al., 2012; Zhou et al., 2012; Nery et al., 2012; Romiguier et al., 2013; Benevento et al.,
2019).

After several years of studies and discussions based on genomic data, there are only two positions with a certain

degree of certainty: Eulipotyphla is a sister clade of all other laurasiatherians, and Pholidota is a sister group of Carnivora,
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while the placements of the other four orders (Carnivora, Perissodactyla, Cetartiodactyla and Chiroptera) remain a subject of
intense debate, even though thousands of genes are used for cladistic analysis in the comparison (Benevento et al., 2019).

However, there is a scientific consensus that long sequences of ancient DNA (aDNA) from fossils of Cenozoic
mammals may help in this crucial endeavor to understand the evolution of mammals (Lv et al., 2021). Therefore, searching for
fossilized bone elements with original biocomponents of the group, especially from paleogenomic data, is a valuable task.

The findings of nonmineralized biomaterials for the Laurasiatheria clade are numerous and of great taphonomic
diversity, in addition to being represented in all the decades analyzed in this study. For example, since the beginning of
paleomolecular research with mammalian fossils in the 1960s, the La Brea ranch, located in Los Angeles County, has stood
out, revealing many biomolecular specimens. The tar infiltrations of this region have since been extensively studied to
reconstruct the ecology and phylogeny of the last faunal communities of the Pleistocene, especially that of several extinct taxa
of medium to large mammals, which are abundant at the site and are abundant sources of original biological material of the
Mammalia clade during the Cenozoic Era (Coltrain et al., 2002).

These infiltrations are fuelled by oil originating from vertically inclined tar sands in the Los Angeles Basin, which is
south of the Santa Monica Mountains (Coltrain et al., 2002). From these, different samples of amino acids and collagen fibers
from laurasiatherians of the Upper Pleistocene were obtained from various biochemical analyses (Wyckoff et al., 1964; Ho et
al., 1965; Wyckoff & Davidson, 1976).

Different endogenous biocomponents of this clade were also recovered from specimens from taphonomic
environments with the presence of ice (glaciers, interglacial or periglacial). A considerable amount, for example, of skeletal
remains and frozen cadavers of fossil mammals were preserved in the permafrosts of the Arctic zone of Yacutia during the late
Pleistocene (Boeskorov et al., 2013). In this depositional environment, several representatives were found, including
mammoths, woolly rhinos, horses and bison, and these were preserved with various organic information. The fossil deposits
are widely distributed in the lowlands of the northern region of Yacutia, Siberia, with some permafrosts having reached more
than 40 meters in thickness and with enormous ice complexes. These are very important because numerous sedimentological,
paleontological, geochemical and isotopic data were stored in them (Schirrmeister et al., 2002).

The results of this study contribute to this trend, since several types of nonmineralized biomaterials were found in
fossils of mammals of the Laurasiatheria clade from Yacutia. For example, in 1996, Bocherens et al. (1996) recovered collagen
organic matter from different members of the orders Perissodactyla, Cetartiodactyla and Carnivora. Another potential of the
area is the genetic data, that is, some studies with fossil samples of horses and bison from the region claimed the presence of
original DNA sequences (Taylor et al., 1996; Nielsen-Marsh et al., 2002; Schubert et al., 2014).

Similarly, the territories of Canada and Russia are territories of Pleistocene glacial deposits with great possibilities for
paleomolecular investigation, including mtDNA and nuDNA genomic sequences (Nielsen-Marsh et al., 2002; Gilbert et al.,
2004; Orlando et al., 2013; Heintzman et al., 2015) and collagen peptide sequences (Orlando et al., 2013; Buckley et al., 2019).
Other sites with preservation mechanisms involving ice were also found in Germany (Valdiosera et al., 2006) and Norway
(Lindgvist et al., 2010), both with the presence of sequences of genetic material. These results show the effectiveness of
exceptional preservation by cryopreservation, since temperature stability is a key factor in delaying necrolysis activity (Bettoni
etal., 2019).

Undeniably, the recovery of nonmineralized biomaterials in fossils of laurasiatherians was higher in karst
environments, probably because the caves seem to have more advantages, for example, in the temperature and pH of the rocks,
thus favoring the survival of bone elements, including genomic material (Collins et al., 2002). Several studies have claimed the
presence of mtDNA and nuDNA sequences in woolly rhinos, cave bears, giant camels, horses and macrauchenia recovered
from Pleistocene caves in Europe, Chile, China, Canada and the United States (Orlando et al., 2003; Noonan et al., 2005; Lister
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et al., 2005; Valdiosera et al., 2006; Orstrom et al., 2006; Krause et al., 2008; Dabney et al., 2013; Westbury et al., 2017). Data
were also found regarding collagen samples in this type of environment (Buckley & Collins, 2011; Rao, 2020).

In addition to these, many examples of organic biomaterials recovered in various sedimentary deposits were claimed
for this clade. Among these findings, the recovery of osteocytes and pheomelanins from fossils of bats and a pangolin dated
with ages close to 48 Ma from the shale quarries of Messel Pit, Germany (Colleary et al., 2015; Cadena, 2016). This location
has been recognized as having great potential for exceptional preservation of elements that would naturally mineralize,
especially melanins (Vinther et al., 2010; O'Reilly et al., 2017). After these recoveries, recent experiments have shown that
melanin seems to have a natural resistance to diagenetic processes (Rossi et al., 2019), surpassing other biomolecules. The
hypothesis proposed is that during diagenesis, certain endogenous metals would provide an association with the biomolecule,
making it more stable to survive in very old fossils, but new research still needs to be done.

In addition to the Messel Pit schist, samples of albumin, collagen and other proteins, such as melanins, were obtained
from lacustrine deposits (Borja et al., 1997), fluvial-lacustrine deposits (Rybczynski et al., 2013), high terraces and fluvial
(Buckley et al., 2019), marine and lagoon deposits (Boskovic, 2021). Other studies, although they did not specify the type of
sedimentary depositional environment, reported the encounter of collagen fragments in bison, Dremotherium, camels, bovines
and rhinos of the Pleistocene (Little et al., 1962; Ulrich, 1987; Welker et al., 2017; Buckley et al., 2019). In addition, a study
claimed the presence of peptides, lipids and blood vessel-like structures of a Neogene whale fossil from the Pisco Formation,
Peru (Vidal, 2006).

Other discoveries of nonmineralized biomaterials in fossils of laurasiatherians mammals were made by Pefialver and
Grimaldi (2005). In the published article, they claimed, with the use of optical microscopy (OM), the presence of body hair of
a possible solenodon in an amber, dating from the Miocene, found in the Dominican Republic. The resins of plants of the
family Fabaceae, which are identified in several amber samples from the Dominican Republic, have a complex chemical
composition and have many variables that simultaneously influence the processes of exceptional preservation, thus facilitating
the recovery of larger samples, such as hairs (Lambert et al., 2015).

The results show that laurasiatherian fossils are abundant sources of paleobiochemistry and paleohistological
information, as they represent an enormous number of reports of original biomaterials of extinct taxa. This propensity may be
due to Laurasiatheria being higher in number of orders and having a dense and widely studied fossil record (Phillips &
Zakarias, 2019).

4.3.3 Xenarthra

This superorder currently comprises two orders, namely, Pilosa (anteaters and sloths) and Cingulata (armadillos). The
xenarths possibly appeared at approximately 59 Ma in the Paleocene (O'Leary et al., 2013) and diversified abundantly
throughout America, with some representatives reaching great heights (giant sloths). Its fossil record is visibly abundant
(Boscaini et al., 2019) and represents, together with Laurasiatheria, an important source of molecular paleontological research.

The research on Xenarthra Molecular Paleontology was conducted in fossils from different taphonomic contexts, but
in greater quantity in giant sloths recovered from caves in South America, where the PCR and electrophoresis techniques
allowed obtaining genomic data of these beings. For example, from the same individual of Mylodon darwinii found in the
Ultima Esperanza cave in Chile, dating from the end of the Upper Pleistocene, ribosomal DNA (rDNA), mtDNA and nuDNA
sequences were identified in teeth, bones and coprolites (Hoss et al., 1996; Taylor, 1996; Clack et al., 2012). Other mtDNA
sequences were obtained from an indeterminate ground sloth, this time from a specimen from Argentina (Hofreiter et al.,
2003). In addition, PCR and gPCR studies with museum fossil repository xenarths also yielded mitogenomic information
(Greenwood et al., 2001; Delsuc et al., 2016).
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Reports of findings of nonmineralized biomaterials for this clade in other depositional contexts have also occurred.
For example, the fossil of a giant sloth of undetermined species, recovered from La Brea tar infiltrations, yielded the detection
by gas chromatography (GC) of collagen amino acids (Wyckoff & Davidson, 1976). In turn, from a fluvial deposit in Uruguay,
fossil elements of a Lestodon armatus showed conserved organic fragments of amino acids and peptides of type 1 collagen
(Buckley et al., 2015). By means of digital microscopy (MD) and scanning electron microscopy (SEM), osteocytes,
erythrocytes and pieces of blood vessels were identified in vertebrae and femurs of giant sloths of the Upper Pleistocene of the
Gracias and Padre Miguel Formation in Honduras (Zuniga et al., 2019).

According to the results obtained here, the search for paleomolecular data of the Xenarthra clade consisted, over the
years, of a greater weight of species recovered from karst environments, although some recent studies have claimed the
presence of organic material from sedimentary deposits (Buckley et al., 2015; Zlniga et al., 2019). It is possible that with the
recovery of new fossil samples and the improvement of analytical detection techniques, new information on nonmineralized

biomaterials will be provided to the group.

4.3.4 Afrotheria

Most groups of mammals included in this superorder share little or no morphological similarity (Stanhope, 1998) and
currently comprise the orders Hyracoidea (hiraces), Proboscidea (elephants, including extinct mammoths and mastodons),
Afrosoricida (golden moles and tenreques), Macroscelidia (elephant shrew) and Tubulidentata (ant-hog and aardvark). Among
these, Afrotheria is a particularly interesting clade for the analyses of evolutionary uniqueness because, although it is relatively
poor in living species (approximately 70), it contains an excessive amount of adaptive diversity (Kuntner, et al., 2011), and
afrotherian fossils are widely known throughout the Cenozoic (Tabuce et al., 2008), especially by proboscidian representatives
(Lister, 2013). The results presented in this study are in accordance with this trend, since the findings of endogenous biological
materials are restricted to the order Proboscidea, intrinsically to the family Elephantidae and to the extinct family
Mammuthidae.

The reports of nonmineralized biomaterials in the Afrotheria clade are numerous and taphonomically diverse, but the
data from permafrosts in Siberia and Alaska outweigh the others. From this type of environment, several endogenous
bioelements were recovered, such as collagen (Goodman et al., 1980; Lowenstein, 1981; Shoshani et al., 1985; Bocherens et
al., 1996), albumin (Lowenstein, 1981; Shoshani et al., 1985), genetic material (Taylor, 1996; Krause et al., 2006; Rogaev et
al., 2006; Gilbert et al., 2007; Barnes et al., 2007; Miller et al., 2008; Gilbert et al., 2008; Schwarz et al., 2009) and
keratinocytes (Gilbert et al., 2007).

The importance of cryopreservation for the encapsulation of biomolecules, cells and tissues over deep time has
already been discussed above (see section 4.3.2). Of these locations, the number of fossils of woolly mammoths (Mammuthus
primigenius) with paleobiochemical information has been found. For example, a single study (Barnes et al., 2007) retrieved
hundreds of mtDNA base pairs from teeth, ivories and short bones of forty-one woolly mammoths from the Upper Pleistocene
from Yacutia, Siberia.

Deposits of taphonomic contexts less favorable to preservation were also abundant in afrotherian resources for
Molecular Paleontology. From a marine deposit in northern Venezuela, a 13 Ka gomphothere fossil yielded a large sampling of
albumin fragments (Tuross, 1989). From the beds of the Yellowstone River, in Montana, understood as a fluvial deposit, a
fossil of mastodon (Mammut americanum) and another of mammoth-colombian (Mammuthus columbi) were abundant sources
of nonmineralized biomaterials, namely, collagen, osteocytes and blood vessels (Hill, 1998; Hill & Schweitzer, 1999;
Schweitzer et al., 2002; Asara et al., 2007).
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Another more recent study, with a species of gomphothere (Anancus arvenensis), recovered from the Clay Well of
Lower Saxony, Germany, found the presence of extracellular bone matrix proteins in the cortex of the femoral neck dated to 3
Ma (Schmidt-Schultz et al., 2021). In addition, another study, with the application of various analytical techniques in
mammoth specimens from a fine-grained flow channel and a sink deposit in the United States, found samples of amides, amino
acids, lipids and collagen (Colleary et al., 2021). These environments, which are less favorable to exceptional preservation, as

mentioned, have been shown to be interesting alternative sources of search for afrotherian fossils with paleomolecular data.

5. Conclusion

The fossil record of the Mammalia clade, from the Cenozoic Era, is extensive, abundant and, in this study, proved to
be a remarkable source of various types of traces of nonmineralized biomaterials, regardless of the taphonomic context,
favorable or not to exceptional preservation.

Regarding the taxonomic variability, the findings of fragments of endogenous biocomponents occurred in the
infraclass Metatheria and Eutheria, with data on Eutheria being extensively higher, most likely because the number of species
of this clade is much higher. Within Eutheria, the superordinates Laurasiatheria and Afrotheria were the ones with the highest
number of claims, although a considerable number is also found in relation to Euarchontoglires and Xenarthra.

Regarding the frequency of types of trace original biomaterials, collagen was the most recovered molecule among
studies with fossils from sedimentary deposits, namely, more than 30 reports, while for other taphonomic contexts, more
favorable to exceptional preservation, the genetic elements were the most found, with more than 40 reports. Collagen has been
shown to be a very resistant biomaterial to the adverse conditions of fossildiagenesis (Rana, 2016; Alves, 2022), although there
is a common understanding, within paleontology, that more studies need to be developed for a more robust analysis of this
trend. On the other hand, genetic material was also highlighted in this study, being prevalent in various taphonomic contexts,
including deposits less favorable to exceptional preservation. This may represent a greater interest of researchers in seeking
data regarding ancient DNA due to its great applicability (Brunson & Reich, 2019).

Regarding the geographic distribution, fossils of Cenozoic mammals with preserved biochemical information were
found in virtually all continents, except Antarctica. North America, South America and Europe were the continents that
presented the largest number of reports, which may mean that researchers from these sites have been more committed to
paleomolecular research in recent decades or that they have had more resources for this type of detection, in addition to the
possibility that the number of fossils with endogenous content is more common in these regions. Although the results
presented here cannot predict this issue, further in-depth analyses may contribute.

From these findings, it is possible to preliminarily verify that many fossils of the Mammalia clade have the potential
for exceptional preservation of traces of nonmineralized biomaterials and anticipate that, with the improvement of detection
techniques and the emergence of new exploration methods of this field, as well as the increase in the number of studies being
done with new fossils, these reports can be expanded. It is also worth noting the crucial need for further studies to broaden the
understanding of the taphonomic processes responsible for the preservation of this type of material, specifically the
environmental context and the geochemical conditions.

In summary, it is believed that the paleobiochemistry information produced from the field of study of molecular
paleontology, as well as the frequency of occurrence of these findings, such as those presented here, can serve as a basis for

new phylogenetic approaches, helping this field to solve old problems, especially regarding the mammal clade.
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