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Dental enamel proteomics provides access to molecular information from time periods far beyond the
reach of ancient DNA, offering a powerful means to investigate evolutionary dynamics in deep time.
Here we present the first large-scale enamel proteomic dataset for 55 cave bears to date, analysing
fossils spanning the Early to Late Pleistocene across southwestern Europe, including key specimens
from Atapuerca sites. Using a non-enzymatic demineralization workflow and LC-MS/MS analysis we
consistently recovered rich enamel proteomes and identified taxonomically informative peptides
alongside two previously unknown amino acid variations in AMBN-249 and SERPINA1-341 positions.
Phylogenetic analyses are consistent with a basal position of Ursus dolinensis within the speleoid
clade, providing new molecular evidence relevant to its debated taxonomy. Together, these findings
show that enamel proteomes preserve phylogenetic structure and lineage-specific molecular signals,
highlighting the potential of palaeoproteomics to inform evolutionary relationships within the speleoid
clade across the Pleistocene.
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The evolutionary history of cave bears (the speleoid lineage) has long been a subject of extensive paleontological
and genetic interest due to their extensive fossil record and ecological significance during the Pleistocene. These
ursids, distributed from the Iberian Peninsula across Eurasia to north eastern Siberial, are predominantly known
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from karstic deposits, reflecting their hibernation behaviour?™4, which is also known to leave a characteristic
isotopic imprint due to metabolic shifts during dormancy®. Phylogenetically, cave bears (Ursus deningeri-
Ursus spelaeus sensu lato) form a sister clade to the extant brown (Ursus arctos Linnaeus, 1758) and polar bears
(Ursus maritimus Phipps, 1774), diverging approximately 1.2-1.6 million years ago (Ma) based on nuclear
and mitochondrial DNA clocks®. The lineage persisted until ~24-26 thousand years ago (ka), when the last
representatives became extinct, likely following a demographic decline possibly influenced by climatic changes
and human competition for cave habitats!?-12,

Multiple hypotheses have been proposed regarding the origin and diversification of this lineage. Morphological
research, from broad biochronological syntheses to detailed population-level analyses, has alternately supported
gradual (anagenetic) evolution or more complex branching scenarios'*~!¢. Ursus etruscus Cuvier, 1823 is
often regarded as the common ancestor of both cave and brown bears>>!”. Ancient DNA (aDNA) analyses
have clarified relationships among Late Pleistocene taxa (Ursus spelaeus Rosenmiiller, 1794, Ursus kanivetz
Vereshchagin, 1973, and U. kudarensis Baryshnikov, 1985) revealing regional structuring and divergence®'s,
but their temporal reach rarely extends beyond the Middle Pleistocene®!® due to preservation limits. The oldest
mitochondrial sequences currently available derive from Ursus deningeri von Reichenau, 1904 specimens from
Sima de los Huesos (~430-300 ka)?°2!, a well-constrained Middle Pleistocene site??, placing a practical lower
bound on the application of aDNA approaches and leaving the earlier evolution of the speleoid clade poorly
resolved. This gap is particularly evident for Ursus dolinensis Garcia & Arsuaga, 2001 from TD4 level in Gran
Dolina (Sierra de Atapuerca, Spain), whose phylogenetic position remains debated: some authors place it at the
base of the speleoid lineage?’, while others highlight affinities with archaic arctoid forms based on its mosaic of
traits'®?4%°, Clarifying the evolutionary depth and relationships of these early representatives therefore requires
biomolecular evidence capable of extending beyond the temporal limits of aDNA.

Palaeoproteomics offers a means to bridge this gap. Proteins, being more chemically stable than DNA, can
persist for over a million years in mineralized tissues such as dental enamel?®?’. Advances in mass spectrometry
and bioinformatics now allow recovery of phylogenetically informative single amino acid polymorphisms (SAPs)
from fossil proteomes?®. This approach has already illuminated aspects of Pleistocene mammals® and hominin
evolution®*32, yet carnivores—and ursids in particular—remain largely unexplored. Here, we present the first
comprehensive enamel proteomic analysis of fossil bears across a broad temporal and geographic range, over
nearly 1 Ma. across southwestern Europe (Fig. 1) with key fossils from the Atapuerca complex and additional
sites. By analyzing proteomes from U. dolinensis, U. deningeri, and U. spelaeus and integrating them with extant
Ursus and Ailuropoda references, we aim to (1) characterize enamel proteome composition and (2) evaluate its
phylogenetic utility for clarifying cave bear evolutionary history.

Ancient peptides were successfully recovered from all the analyzed 55 fossils, with peptide-spectrum
matches (PSMs) varying across temporal groups. Recovery was generally lower in Early Pleistocene and open-
air specimens, whereas Middle Pleistocene samples—particularly those from Sima de los Huesos—reached
counts comparable to Late Pleistocene individuals (Fig. 2A-C). An extant specimen of U. arctos used as a control
yielded fewer PSMs overall, although relative intensities of the peptides remained within the expected range
(SLIIL.1 Proteomic Recovery Intensity). Across fossils, fragment length distributions were dominated by short
peptides (8-10 amino acids), consistent with long-term hydrolysis. Middle Pleistocene samples showed the
highest average peptide counts, with a maximum of ~ 390 peptides at a length of 10 amino acids, whereas Late
Pleistocene samples preserved a greater proportion of longer sequences (>15 amino acids). Early Pleistocene
specimens exhibited more advanced degradation, with lower yields and shorter fragments. Post-traductional
modifications, particularly extensive deamidation, confirmed the antiquity of all fossil sequences, with values
consistently higher than in the modern control.

Between 10 and 16 proteins were confidently identified per specimen. Enamel-specific proteins—including
amelogenin (AMELX/AMELY), enamelin (ENAM), ameloblastin (AMBN), amelotin (AMTN), odontogenic
ameloblast-associated protein (ODAM), and matrix metalloproteinase-20 (MMP20)—were consistently
recovered, often accompanied by plasma proteins such as albumin (ALB), alpha-2-HS-glycoprotein (AHSG),
alpha-1-antitrypsin (SERPINA1), antithrombin III (SERPINC1), and occasionally by collagen types I and XVII
(COL1A1, COL1A2, COL17A1). Less frequent identifications included apolipoprotein A1 (APOA1) and zinc
finger protein (ZFC3H1). The combined use of two search engines improved detection but yielded largely
overlapping results. Amelogenin isoforms enabled sex determination in most individuals: 27 were identified as
male (AMELY-specific peptides), 25 as female or likely female (AMELX-only), and three remained inconclusive.
Complete recovery metrics and platform-specific comparisons are provided in Dataset S2- Peptide Recovery and
Identification. Protein alignments reveal high overall sequence conservation across ursids, yet eight proteins—
AHSG, AMBN, ALB, COL17A1, ENAM, MMP20, SERPINAI, and ZFC3H1—contained phylogenetically
informative single amino acid polymorphisms (SAPs). In total, 48 SAPs were detected. A detailed summary of all
identified SAPs, including their occurrence across specimens, phylogenetic support, and confidence assessment,
is provided in Dataset S3.- SAP Identification and Phylogenetic Support. AMBN and ALB had the highest counts
(11 each), followed by COL17A1 and ENAM (9 each). Most reflected intergeneric (Ursus-Ailuropoda) or intra-
Ursus variation, and only five appeared potentially unique to extinct cave bears (SLII.2 SAP Validation). After
applying strict validation criteria such as requiring consistent support from multiple PSMs and/or overlapping
peptides, high-quality MS/MS fragmentation, and agreement across search engines, three of these cave-bear
specific SAPs were retained as high-confidence variants.

These novel variants, not previously documented in the reference proteomes of ursids, were detected in
AMBN and SERPINAIL. A substitution of tyrosine (Y) to serine (S) at position AMBN-249 was consistently
present in U. deningeri and U. spelaeus specimens from multiple sites in Spain, Portugal, and Italy (Fig. 3). Two
Middle Pleistocene individuals from the level TD8 (Gran Dolina, Spain) and Aroeira (Portugal) presented
ambiguous signals in this position, suggesting incomplete fixation of this variant or potential heterozygosity
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Fig. 1. Spatial and temporal framework of the cave bear specimens analysed in this study. Sampling localities
across southwestern Europe, including the Atapuerca sites, and their assignment to Early, Middle and Late
Pleistocene periods. The modern Ursus arctos specimen is included as a comparative reference. Detailed
metadata are available in Dataset S1- TableS1.1 Sample Metadata.

(details in SLIL.2 SAP Validation). A second AMBN substitution, leucine (L) to valine (V) at AMBN-278, was
observed in a single specimen from Sala Fantasma and is reported cautiously. Both AMBN variants occur in
exon 13, a variable region among mammals, and likely represent conservative changes®>. In SERPINA1, an
asparagine (N) to threonine (T) substitution at position 341 was consistently recovered in U. deningeri and U.
spelaeus as well as in one U. arctos individual from Monte Cucco (Italy), and absent in U. dolinensis, providing an
additional marker for the speleoid lineage.

Other non-unique SAPs also proved informative. At ALB-580, U. dolinensis and U. deningeri shared the
ancestral state with several extant ursids, while U. spelaeus and U. arctos carried the derived variant. At ENAM-
269, isoleucine (I) occurred in U. deningeri, U. spelaeus, and U. maritimus, contrasting with asparagine (N) in
other bears. In COL17A1-1325, U. deningeri and U. spelaeus shared methionine (M), whereas U. arctos and U.
maritimus carried threonine (T). Coverage for these sites was incomplete in U. dolinensis, preventing a complete
assessment. Collectively, these patterns reveal conserved molecular cohesion within the U. deningeri-U. spelaeus
clade, retention of ancestral states in U. dolinensis, and several lineage-specific markers with potential for
biochronological and phylogenetic applications.

Phylogenetic analyses of enamel proteomes yielded congruent topologies across Bayesian and maximum
likelihood methods (Fig. 4). All reconstructions recovered Ursus as monophyletic, with a basal divergence
between arctoid bears and the speleoid lineage. Within speleoids, U. dolinensis was consistently recovered as
the earliest diverging member, preceding U. deningeri and U. spelaeus. Although statistical support for this
placement was modest, the topology remained stable across datasets. Ursus deningeri and U. spelaeus formed
a strongly supported clade, confirming their close evolutionary relationship and their more derived status
relative to U. dolinensis. Bayesian inference produced the best resolved tree, with consistent placement of both
extinct and extant taxa. An unexpected result was the placement of U. maritimus as sister to the U. deningeri-U.
spelaeus clade instead of clustering with U. arctos, as reported in previous studies. This position may reflect either
database limitations or convergent molecular signals. Additional analyses and full statistical details are provided
in the SLIL.3 Expanded Phylogenetic Trees.

Beyond phylogenetic structure, enamel proteomes also reveal patterns of protein preservation and functional
composition. Across all 55 specimens, enamel-specific proteins—AMELX, AMBN, AMTN, and ENAM—were
consistently identified, confirming their stability and central role in enamel formation, consistent with reports
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Fig. 2. Endogenous origin and preservation of enamel peptides across temporal groups. (A) Proteomic
recovery measured as peptide-spectrum matches (PSMs) per specimen. (B) Distribution of peptide lengths.
Peptide length distributions were calculated by grouping all samples within each chronological period. For
each peptide length, peptide counts were averaged within each period. (C) Mean rates of deamidation at
asparagine/glutamine (N/Q).

from other Pleistocene studies?. Plasma proteins, such as ALB and AHSG, were also commonly recovered; the
latter appeared in 43 specimens, supporting its proposed endogenous incorporation into enamel’!. By contrast,
TUFT1 and KLK4, well-known components of mammalian enamel*!, were largely absent, suggesting either
taxon-specific differences or selective degradation patterns. MMP20 was consistently recovered and exhibited
sequence variation, reinforcing its relevance in enamel proteome studies. Collagen peptides were abundant in
Late Pleistocene U. spelaeus but scarce in older specimens, and no informative variants were observed in COL1
genes, consistent with their strong evolutionary conservation®*. ZooMS analyses have similarly reported no COL1
markers distinguishing U. spelaeus from U. arctos®®. In contrast, COL17A1 was detected in nearly all specimens
and showed moderate, non-lineage-specific variation. Its essential role in enamel formation, demonstrated by
defects in COL17A1-deficient mice®’, underscores both its preservation potential and comparative relevance
across taxa.

Particularly noteworthy is the recurrent recovery of three serine protease inhibitors (serpins)—alpha-1-
antitrypsin (SERPINAL1), antithrombin III (SERPINC1), and, more sporadically, the rarely detected pigment
epithelium-derived factor (SERPINF1). Specifically, SERPINA1 was detected in nearly all specimens, often with
high peptide counts and recurrent post-translational modification patterns, primarily deamidation affecting
the same residues across specimens, alongside a lineage-specific SAP. Their consistent presence in enamel
proteomes raises questions about the pathways by which they became incorporated. One possibility is a role in
amelogenesis, given their co-occurrence with proteases such as MMP20 and KLK4 and previous evidence for
interactions with mineralized tissues®®. Alternatively, their presence may reflect aspects of systemic physiology.
In extant animals, including hibernating species, circulating serpins are involved in processes such as metabolic
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Fig. 3. Sequence variation across enamel and serum proteins in fossil and modern bears. Color-coded

matrix displaying informative amino acid positions. Columns represent variable sites and rows correspond to
individual specimens. Partial or split-coloured bars indicate heterozygous positions, where two different amino
acids were detected in the same protein from a given specimen. The relative proportion of each colour reflects
the proportion of peptide-spectrum matches (PSMs) supporting each amino acid variant at that position.

regulation, cardiovascular function and immune modulation*®-4¢

enamel proteomes particularly intriguing.

However, no direct functional inference can be drawn from the present data, and any link to specific
physiological states, including hibernation, remains speculative. If enamel mineralization overlapped with
periods of physiological change, transiently circulating proteins could potentially have been incorporated into
the developing matrix, although this hypothesis requires further investigation.

These observations suggest that enamel proteomes may capture not only phylogenetic signals but also
systemically expressed proteins, opening new venues for exploring the biological context of fossil biomolecules.
Expanding comparative analyses across both modern and fossil carnivorans will be critical to assess whether

, making their repeated detection in cave bear
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Fig. 4. A. Maximum likelihood phylogenetic tree of selected Carnivora, including cave bears, inferred from
concatenated protein sequences, enamel-associated and systemic proteins, using IQ-TREE (Order Carnivora
dataset). Node values indicate ultrafast bootstrap support (%). B. Bayesian phylogenetic tree of Ursidae based
on concatenated protein sequences, enamel-associated and systemic proteins, inferred with MrBayes under

a mixed amino-acid model across 3,000,000 generations (Family Ursidae dataset). Node values represent
posterior probabilities.

these serpins represent lineage-specific traits or more general physiological patterns. Although serpins have been
sporadically reported in dental proteomes of non-ursid mammals®***”4, the frequent detection of SERPINA1 in
cave bears points to a potentially distinctive feature of the genus Ursus, pending further validation.

Our palaeoproteomic analyses refine phylogenetic relationships within the cave bear lineage. The placement
of U. dolinensis as basal relative to the U. deningeri- U. spelaeus clade is consistent with its interpretation as an early
member of the speleoid clade, in agreement with some morphology-based phylogenetic hypotheses?’. However,
given the limited number of informative positions in enamel proteomes and the geographically restricted nature
of the dataset, these results should be interpreted with caution and cannot be readily extrapolated to all Ursus
dolinensis populations across Europe. Within speleoids, U. deningeri and U. spelaeus form a strongly supported
clade, in line with their close morphological and molecular affinities?™*!. Their minimal proteomic distinction,
restricted to a single SAP (ALB-580), highlights both their close relationship and the limited sequence divergence
detectable in enamel proteins. The possibility that U. deningeri represents a direct ancestor of U. spelaeus cannot
be formally evaluated within the dichotomic phylogenetic framework applied here, although the molecular
pattern recovered in this study is consistent with this scenario. Comparisons with extant taxa broadly align
with genomic studies: U. arctos emerges as the closest living relative of cave bears®*’, while other ursids cluster
as expected. The only exception is U. maritimus, which appeared as a sister to the U. deningeri-U. spelaeus clade
rather than clustering with U. arctos. This placement received weak support and is most plausibly explained
by limited peptide coverage or by convergent signals, including the shared state at ENAM-269 (I) observed in
both U. maritimus and several Middle and Late Pleistocene specimens (see SLIL.2 SAP Validation). The lack
of peptide coverage at this site in Early Pleistocene individuals, however, limits further evaluation. Together,
these observations highlight both the power and the intrinsic constraints of enamel proteomes for phylogenetic
inference: while major clades are consistently resolved, the strong conservation of enamel proteins and the
fragmentary nature of ancient peptides mean that species-level distinctions can remain challenging. In this
context, isolated shared states can occasionally generate locally misleading affinities, but do not alter the overall
topology, which remains stable across datasets and analytical frameworks.

Beyond clarifying phylogenetic placement, enamel proteomes reveal evolutionary signatures across both
time and space. Two derived variants—AMBN-249(S) and SERPINA1-341(T)—were consistently shared by U.
deningeri and U. spelaeus, providing robust molecular markers for the speleoid lineage. The occasional absence
of these markers likely reflects limited peptide recovery rather than genuine biological variation. Their uniform
presence across geographically distant sites highlights a remarkable molecular homogeneity in U. deningeri
proteomes, in contrast with the morphological variability often described for this taxon®!.

Some Middle Pleistocene sites, however, capture intermediate stages. At Aroeira and at level TD8 of the
Gran Dolina site, two individuals show both ancestral and derived AMBN-249 states, suggesting partial fixation
or population-level heterogeneity. Alternatively, this pattern is compatible with limited gene flow between
arctoid and speleoid populations during the early stages of their divergence'®. These observations may reflect
a potentially transitional signal. The stratigraphic position of TD8, constrained to postdate the Brunhes-
Matuyama reversal identified in the underlying TD7 on the basis of paleomagnetic data®?, and separated from
it by an erosive discontinuity, provides relevant contextual support for its biochronological significance in the
context of faunal turnover and ecological restructuring®->°. The Aroeira specimen, although inconclusive, offers
a useful contrast with other Middle Pleistocene sites and highlights regional variability in the pace of molecular
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change. While the U. deningeri proteome appears generally homogeneous, some populations retain ancestral
residues, whereas others show early fixation of derived variants. This pattern suggests that molecular transitions
within the speleoid lineage were not synchronous across populations, with different groups likely fixing derived
variants at different times, potentially shaped by ecological or demographic factors. Such diachronic patterns are
consistent with a gradual evolutionary model, although the limited number of specimens and the regional scope
of the dataset preclude broader generalisation. However, given that these observations are based on a single
amino acid and considering the potential for sampling bias across sites and time intervals, these interpretations
should be treated with caution and will require additional specimens to be tested in future research. Additional
signals of variability were detected in isolated contexts. At Sala Fantasma, one specimen carried a unique AMBN-
278 substitution not seen elsewhere, while others from nearby Cueva Fantasma displayed the typical speleoid
signature. At Monte Cucco, two individuals identified morphologically as U. arctos yielded proteomic profiles
that did not correspond to our U. arctos reference, suggesting either misidentification or unresolved variability
that can't be confidently interpreted with the current dataset. Finally, the specimen from Pirro Nord (Italy),
attributed to U. etruscus, was the most degraded in the dataset. Nevertheless, the recovered segments were highly
conserved, indistinguishable from both extant and extinct bear species.

Together, these results illustrate the potential of enamel palacoproteomics to integrate molecular, ecological
and evolutionary scales, refining our view of lineage dynamics across the Pleistocene. The persistence of stable
molecular signatures, combined with evidence for gradual transitions in key horizons, is consistent with a
gradual evolutionary model within the cave bear lineage, although this interpretation remains tentative and
should be further tested with expanded datasets.

Methods

Sample selection

We analysed 55 fossil enamel specimens from several sites in southwestern Europe. The dataset includes
individuals attributed to U. dolinensis, U. deningeri, U. spelaeus, U. etruscus, and U. arctos. Molars were targeted
because ursids exhibit well-characterised enamel thickness patterns, with cave bears showing markedly thick
enamel and particularly robust anterior molars, making these teeth the most suitable elements for enamel
proteomic sampling®®~>%. Particular emphasis was placed on specimens from the Sierra de Atapuerca (Burgos,
Spain)—notably Gran Dolina, Sima de los Huesos, and Fantasma sites—which provide key taxonomic and
temporal contexts across successive Pleistocene stages. Additional material derives from sites in the Iberian
Peninsula (Spain and Portugal) and Italy, representing distinct biochronological intervals of the Pleistocene. A
modern Ursus arctos individual from Romania was included as a comparative control. Full metadata is provided
in Dataset SI - Table S1.1 Sample Metadata.

Enamel sampling

Whenever possible, naturally fractured enamel fragments were prioritised to minimise damage to the specimens.
For intact molars, enamel was carefully isolated using sterile tools, avoiding dentine. All manipulations were
conducted under laminar-flow conditions using disposable equipment and full protective gear. Enamel fragments
(20-120 mg) were cleaned with 10% sodium hypochlorite, rinsed, dried, and stored in sterile tubes. Micro-CT
scans were obtained for Atapuerca specimens prior to sampling at the CENIEH-ICTS facility. One extraction
blank was included for every five to seven samples.

Protein extraction

Laboratory work was carried out at the Institut de Biologia Evolutiva (IBE, UPF-CSIC) under stringent
decontamination protocols. Samples were mechanically powdered with a granite mortar and transferred to
Protein LoBind" tubes. Demineralization was performed using 10% trifluoroacetic acid (TFA) at 4 °C with
agitation for 24 h, repeated for two consecutive cycles to maximise peptide release. After each cycle, supernatants
were collected and pellets resuspended in fresh TFA. Peptide desalting was carried out using in-house StageTips>®
prepared with C18 Empore™ discs. Tips were conditioned with methanol, then equilibrated with 5% formic acid
(FA). Bound peptides were washed in 5% FA, stored at —20 °C, and eluted using 5% FA in 50% acetonitrile
(ACN).

LC-MS/MS analysis

Mass spectrometry was performed at the CRG-UPF Proteomics Unit (Barcelona) using an Orbitrap Eclipse
mass spectrometer (Thermo Fisher Scientific, San Jose, USA) coupled to an EASY-nLC 1200 system. Peptides
were separated on a 50 cm x 75 pm C18 column using a linear gradient from 5 to 25% buffer B (0.1% FA in 80%
acetonitrile) over 105 min, followed by 25-40% over 15 min and a final wash at 100% buffer B. Flow rate was kept
at 300 nL/min. The mass spectrometer operated in positive ion mode (spray voltage 2.4 kV; source temperature
305 °C). Full MS scans were acquired at 120,000 resolution (m/z 350-1400) with an AGC target of 4 x 10°.
Precursors were selected using a Top Speed data-dependent method and fragmented by HCD (NCE =28%). MS/
MS scans were acquired at 30,000 resolution (isolation window 0.7 m/z) with dynamic exclusion set to 60 s. Four
injection blanks were injected before and after each sample, and digested bovine serum albumin (BSA; NEB cat.
#P8108S) was used as a quality control. Instrument performance was monitored with QCloud®’.

Protein identification

Mass spectrometry data were processed using two complementary proteomic platforms: MaxQuant v2.0.2°!
and PEAKS Studio Xpro (v10.6, Bioinformatics Solutions Inc.). For MaxQuant analysis, raw files were searched
against the curated ursid protein databases, each run independently. Searches were performed with non-specific
digestion. Variable modifications included deamidation (N/Q), oxidation (M/P), pyro-glutamate formation
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(N-term Q to pyro-Glu; N-term E to pyro-Glu) and phosphorylation (S/T/Y). Minimum peptide length was
set to 6 amino acids and maximum to 20 aa, with a mass limit of 4,600 Da. The MaxNovo de novo module
and dependent-peptide searches were enabled®?. Proteins and PSMs were filtered at 1% FDR, requiring at least
one unique peptide per protein. All remaining settings followed MaxQuant defaults. The same datasets were
processed using the full PEAKS workflow (de novo, PEAKS DB and PEAKS SPIDER)®*%* to detect peptides
containing potential single amino acid polymorphisms (SAPs). Searches were run with no enzyme specificity, 5
ppm precursor tolerance and 0.02 Da fragment tolerance. Variable modifications included deamidation (N/Q),
oxidation (M), pyro-glutamate formation (N-term Q to pyro-Glu; N-term E to pyro-Glu), hydroxylation (P) and
phosphorylation (S/T/Y), allowing up to three modifications per peptide. Peptide identifications were filtered
at 1% FDR, with a minimum protein score of — 10 IgP >20 and an ALC% threshold > 95% for de novo spectra.

Custom ursid protein databases were generated for this study and used sequentially during peptide
identification. These included curated sets of enamel-associated and systemic proteins from extant Ursus and
Ailuropoda, as well as expanded panels incorporating genome-derived sequences and reconstructed proteins for
extinct taxa. All database compositions, reconstruction procedures (including AMELX/AMELY isoforms) and
validation steps are fully detailed in SI. I Additional Methodology and Dataset S1 -Tables S1.2-1.4.

Phylogenetic analysis

Phylogenetic inference was performed using concatenated alignments of 12 enamel-associated and systemic
proteins (AHSG, ALB, AMBN, AMELX, AMTN, COL1A1, COL17A1, ENAM, MMP20, ODAM, SERPINA1,
SERPINCI). Consensus sequences for each taxon were generated with EMBOSS Cons (European Bioinformatics
Institute, EMBL-EBI)®, aligned with MAFFT®, and filtered with GBlocks®” to remove poorly supported regions.
Because leucine and isoleucine are isobaric in MS/MS spectra, all variable Isoleucine (I) residues were normalised
to Leucine (L). Two comparative datasets were analysed: a broad Carnivora panel and a restricted Ursidae panel,
with Canis lupus familiaris and Ailuropoda melanoleuca as outgroups.

Maximum likelihood trees were inferred in IQ-TREE®® using protein-specific substitution models selected
by ModelFinder®, with node support estimated from 5,000 ultrafast bootstrap replicates. Bayesian inference was
conducted in MrBayes’® under a mixed amino-acid model across partitions, using four runs of eight chains for
3,000,000 generations. Full methodological details, dataset composition, and model settings are provided in SL.
I Additional Methodology and Dataset S1 -Tables S1.5-S1.6..

Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE71 partner repository with the dataset identifier PXD069138. Reconstructed sequences have been depos-
ited in the Zenodo repository under https://doi.org/10.5281/zenodo.18407395.
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